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Marine ecosystems are continuously influenced by multiple stressors by 
anthropogenic activities, and the effects can be assessed through the ecological 
responses of various marine organisms. In the present study, ecological responses 
focused on marine organisms against anthropogenic influences were assessed in 
varying spatiotemporal scales through four case studies in the Yellow Sea; 1) benthic 
primary production and benthic-pelagic coupling in large marine ecosystem, 2) food 
web dynamics in a closed estuary by sea dike, 3) distribution characteristics of fish 
assemblages in natural and artificial reefs, and 4) bioaccumulation and 
biodegradation in oil-contaminated marine environment. 
On the benthic primary production study covering the Yellow Sea region, 
which is continuously influenced by various human activities, the benthic production 
and productivity in the Yellow Sea were confirmed, and the benthic-pelagic coupling 
was revisited. In particular, this study suggested benthic-pelagic coupling boundary 
which is estimated until ~10 km offshore in the Yellow Sea, and tidal energy was the 
dominant factor to transport benthic production toward the pelagic zone. These 
results indicated that the indiscriminate development and alteration of coastal 
environments could have resulted in a collapse of entire marine ecosystem 
productivity. The closed estuarine food web dynamics indicated that relatively 
limited utilization of terrestrial particulate organic matter to estuarine benthos than 
marine origin food sources. In particular, microphytobenthos (MPB) was the major 
food source for marine clams following growth and seasonal variations. In the study 
of artificial reefs, relatively abundant fish individuals were observed in artificial reef 
habitats compared to control sites, and specific fish assemblages showed preferences 
on certain environmental conditions (temperature, reef materials, and bottom 
sediment properties) in artificial reefs. However, potential impacts were also found 
in some of the artificial reef habitats such as community shift and very low 
effectiveness of artificial reef installation. The result showed that bioaccumulation 
by oil-suspended particulate matter aggregates (OSAs) in marine bivalve was 
remarkable during 30 days, and then depuration of the OSAs accumulation was 
observed after 30 days until 50 days. Simultaneously, great blooms of oil-degrading 
microbes were observed in the OSAs contaminated environment which indicating 
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biodegradation of OSA by microbial activities. 
The present study provided marine ecosystem responses in the Yellow Sea 
through the case studies in different time and space. Of note, the anthropogenic 
influences have altered the structure and/or function of marine organisms, 
nevertheless, the marine ecosystem of the Yellow Sea showed that very productive 
benthic primary production and the adaptable capacity against anthropogenic 
influences in this study. However, increasing and continuous anthropogenic 
pressures cause the weakening of marine health, consequently, it could lead to a 
series of declines in the diversity and proliferation of marine lives. Therefore, a better 
scientific understanding of sustainable management in the Yellow Sea region or 
elsewhere will be necessary for the future plan for a healthy marine environment. 
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Human well-being including the basic material needs for a good life, health, 
security, abundant social relations, and freedom of choices and actions is 
significantly related to ecosystem health (Millennium Ecosystem Assessment 
Synthesis Report, 2005). Humans are fully dependent on Earth’s ecosystems and 
their services that they support, such as food, clean water, climate regulation, disease 
regulation, and spiritual/aesthetic recrations. Therefore, it is important to use 
strategically finite resources efficiently for the sustainability of ecosystem services. 
Indiscriminate development and human activities will return to humans due to 
various environmental problems such as famine, water scarcity, climate change, 
pollution, and multiple environmental issues (Fig. 1.1). 
During the last decades, the global marine ecosystems have undergone 
dramatic changes under the strong influences of anthropogenic activities, in 
particular, coastal areas have been intensively developed and altered following by 
increase of human population. The anthropogenic activities can produce numerous 
and multiple stressors such as overfishing, pollution, habitat fragmentation and 
destruction, invasion of alien species, climate changes, and ocean acidification that 
have varying impacts to the marine ecosystems on different spatio-temporal scales 
(Jackson et al., 2001; UNEP, 2010; Rombouts et al., 2013; Boldt et al., 2014). The 
anthropogenic impacts to marine ecosystem possess a high risk of biological 
extinction and loss of diversities on habitat and biota, and lead to a collapse of entire 
ecosystem structure and function.  
Various types of anthropogenic stressors affect to marine ecosystem along the 
Yellow Sea coast. For examples, oil spill accident is one of the most catastrophic 
disaster to marine ecosystem in local scale. Crude oil and oil-derivatives not only 
contain toxic components, such as polycyclic aromatic hydrocarbons (PAHs), but 
can also be spread widely and persist and be accumulated into food chains. In 
particular, detrimental effects of oil spills such as PAHs bioaccumulation to marine 
organisms over an extended period can be significant (Table 1.1). The habitat 
alteration of the estuarine and coastal areas such as straightening, dike or dam 
construction, coastal reclamation, etc. can occur at various scales and could have 
resulted in significant ecosystem deterioration. (Table 1.2). As efforts to manage and 
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enhance damaged marine ecosystem, sometimes artificial reefs are widespread 
installed along the coastal area. Practically, previous studies have reported varying 
influences on the artificial reef installation which are generally focused on positive 
effects (Table 1.3). Although there are such evidences to enhance marine 
biodiversity by artificial reefs, the disturbances caused by the installation of artificial 
structures by humans in the ecosystem should not be overlooked. In particular, the 
artificial reefs were installed along with a wide area of the coastal environments, 
thus, the side effects should be considered. 
A recent study founded that at least 40% of the global oceans are heavily 
disturbed by human activities (IOC/UNESCO et al., 2011). Likewise, rapidly 
developing East Asia countries; China and Korea, resulted in increasing 
anthropogenic pressures to estuary, coast, and eventually open sea of the Yellow Sea 
large marine ecosystem (YSLME) during the past decades (Jeppesen et al., 2011; 
Ryu et al., 2014). Considering sustainable management of marine resources in the 
Yellow Sea, the comprehensive monitoring and concrete management strategies to 
understand on ecological responses of marine ecosystem against impacts of 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































In this dissertation, an overarching research question is “How do 
anthropogenic activities affect to marine organisms?”. It is impossible to assess the 
response of marine organisms to all anthropogenic influences, thus, four case studies 
were foucused to address the responses of marine organisms to anthropogenic 
influences such as development or pollution pressures in this study. In particular, the 
Yellow Sea Coast, which is known as an area where the pressure on the coast has 
increased markedly by the rapid economic growth of China and Korea in the last half 
century, was selected as a research area. Specific subtopic, objectives and structure 
of the studies are stated as follows (Fig. 1.2, 1.3, & Table 1.4): 
 
1. Benthic primary productivity and benthic-pelagic coupling of the Yellow Sea. 
As a case study for very fundamental function by marine producer, we measured 
the primary production by microphytobenthos in the entire intertidal area and 
then estimated a range of the productive zone toward open sea in the Yellow Sea 
(in Chapter 2). 
 
2. Benthic food web dynamics in a closed estuary by sea (estuarine) dike. 
As a case study to understand food web dynamics between producers (potential 
food sources) and consumers in an estuary which was interrupted freshwater 
discharge by man-made construction (dike) (in Chapter 3). 
 
3. Distribution characteristics of fish assemblages in artificial reef areas. 
As a case study to assess structure of fish communities (consumer) in natural and 
artificial reefs and find environmental fators to attract specific fishes, and also to 
diagnose potential impacts of artificial reef installation (in Chapter 4). 
 
4. PAHs bioaccumulation and biodegradation by marine organisms. 
As a case study to evaluate PAHs bioaccumulation to the marine bivalve 
(consumer) and PAHs biodegradation by marine microbes (decomposer) in oil-




 The detailed topics in this dissertation are intended to supplement 
information on the responses of marine organisms to anthropogenic influences that 
have not been reported previously or are lacking. Finally, discussion and implication 
including a coherent conclusion and contribution of this study under the overarching 
research question and future research directions for the better understanding and 























































































































































































































































































































































































































































































































































































































Ecological role and significance of microphytobenthos  
on the benthic-pelagic coupling:  
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Marine ecosystems are widely interconnected by carbon flows with complex 
biological processes of varying sptiotemporal scales (Gounand et al., 2018). From 
intertidal to pelagic zone, oxygenic photosynthesis by primary producers is 
practically the summation of all the biochemical production of organic matter 
(Falkowski et al., 1998). Atmospheric carbon, in the process, is to be fixed as primary 
producer’s biomass then transferred to the first heterotrophic level in an ecosystem 
(Lindeman, 1942; Field et al., 1998; Middelburg et al., 2000). Microphytobenthos 
(MPB), one of primary producers mainly inhabit in soft bottom sediments, possess 
ubiquitous coastal habitats (Macintyre et al., 1996; Cahoon, 1999), can contribute up 
to 50% of total coastal carbon budgets (Underwood & Kromkamp, 1999). 
The diverse MPB is a key primary producer significantly supporting marine 
ecosystem services. Its pivotal socioecological roles from sediment stabilization, 
nutrient cycling, and to trophic energy transfer are well documented (Macintyre et 
al., 1996; Miller et al., 1996; Harison et al., 2013). In particular, the MPB 
resuspension, a major process involved in benthic-pelagic coupling (BPC), is 
controlled by a complex set of interactions among biological, physical, and chemical 
components (De Jonge & Beusekom, 1995; Koh et al., 2006; Ubertini et al., 2015). 
The resuspended portion of MPB can be transported away from intertidal to offshore 
zone (De Jonge & Beusekom, 1995), which potentially allow a number of pelagic 
organisms to utilize the benthic-originated food sources (Herman et al., 2000). 
Likewise, the correspondence between sedimentary Chl-a during exposure and water 
Chl-a during flood, have evidenced the entrainment of sedimentary Chl-a to the 
water column during by tidal resuspension (Koh et al., 2006). However, a global or 
large-scale assessment of MPB primary production (PP) has yet been emphasized. 
In the meantime, what remain unclear so far is to which extent benthic production 




2.2. Materials and Methods 
 
2.2.1. Global data collection 
 
All data were originally compiled by searching the ISI Web of Science for 
studies on microphytobenthos (MPB) that collected in situ to estimate MPB biomass 
and/or primary production. We also updated global MPB biomass and primary 
production data which previously reported by Cahoon (1999). MPB biomass is often 
very fluctuated depending on environmental conditions such as air/watertemperature, 
nutrient input, and meteorological changes even in local scales (Macintyre et al., 
1996; Caboon, 1999). We therefore excluded studies in a single period and used data 
in sequential surveys at regular time intervals over one-year round, for example, 
monthly, seasonal, or at least the summerand winter surveys were collected. And, 
we used data that not only surveyed in intertidal areas where bare or low vegetated 
flats, but also seawater is free-flow among beaches, bays and estuaries. So, 
halophyte- and seagrass-dominant tidal flats, inner side of lagoon, and freshwater 
areas (<5 psu) were excluded in this study. In addition, for unification of MPB 
biomass unit, we only used values expressed in the unit weight of MPB per unit area 
(mg m-2), except for existing a conversion factor of MPB between unit weight of 
sediment and unit area at a certain region (Montani et al., 2003). We totally sorted 
104 studies (including 103 previous studies and this study, see Table 2.1), and which 
are averaged the values in a single study over the year. In case for multiple studies 
surveyed in an overlapping region, we also averaged values within one region for 
plotting in Fig. 2.1A–C.  
To indicate the global tidal range in background of Fig. 2.1, we slightly 
modified referred from previous studies (Davies & Clayton, 1980; Masselink & 
Hughes, 2014). We also indicated that tidal ranges dividing into latitudinal intervals 
of 15 degrees, and then means with standard deviation are presented. 
To analyse a global dataset of pelagic chlorophyll-a (Chl-a) along global 
intertidal coasts, we used Aqua/Terra MODerate resolution Imaging 
Spectroradiometer (MODIS) images with a resolution of 4 km × 4 km. The values 
of pelagic Chl-a (mg m-3) through remote sensing is estimated by using the samples 
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obtained from the field survey or the empirical formula of the reflection ratio by 
using the indirect survey data through the sufficient verification process. Generally, 
the OC estimation formulas are using for the estimation of Chl-a from various 
satellite images such as Coastal Zone Color Scanner (CZCS), Sea-Viewing Wide 
Field-of-View Sensor (SeaWiFS), and MODIS (O’Reilly et al., 2000). We selected 
the MPB studies surveyed after 2002 in situ among previous literatures reviewed in 
Fig. 2.1 because the MODIS images are available from that time. We sorted among 
the selected studies matched at the condition that of providing precise coordinates or 
a high-resolution map, and then generated an integrated dataset of MPB Chl-a (n = 
133) reported from various intertidal regions worldwide. Finally, based on the 
MODIS images and MPB database, pelagic Chl-a in open-sea locations was 
estimated along YSLME, which are considering of closest and similar 
spatiotemporal condition as compared with previously reported coordinates of the 
MPB database. 
To compare a trend consistency between the previous data versus in situ data 
of ours, we additionally conducted in situ MPB sampling along the Yellow Sea coast 
(see details in Chapter 2.2.2), and then also estimated pelagic Chl-a from MODIS 
images by the same strategy which applied at global data. On average, the locations 
of pelagic Chl-a (Total n = 199 including 133 locations of global data from previous 
literatures and field-surveyed 66 locations in YSLME) are 10.3 ± 6.3 km away from 
the MPB sampling locations.  
The GOCI (Geostationary Ocean Color Imager), which was firstly launched 
by South Korea in June 2010, enables researchers to observe the diurnal cycles of 
ocean in East Asia. The Shorter shooting period of GOCI can produce eight images 
at one-hour interval during the day time with a higher spatial resolution of 500 m × 
500 m compared to prior satellite images (Ryu et al., 2012). The GOCI sensor is 
based on the OC4 formula, but there is no spectral band image at 510 nm, so that 
some modified OC3G formula, which is based on the blue-green ratio at 412 nm 
(band 1), is mainly used (Moon et al., 2012). Therefore, we used GOCI data to 
analyse the correlation between the MPB Chl-a in intertidal flat sediments and the 
pelagic Chl-a in the adjacent coastal waters at higher spatial resolution in the Yellow 
Sea coasts. The pelagic Chl-a was not only estimated at the closest open-sea 
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locations (Pcoast) averagely 7.7 ± 5.6 km away from benthic locations (P0) where we 
collected MPB samples, but also further points on transects (n = 67) with 20 km 
intervals from Pcoast up to 100 km. Altogether, one transect consists of Pcoast and 
six locations following a distance gradient from coast to open seaward as P20, P40, 
P60, P80, and P100. In order to determine representative pelagic Chl-a in the Yellow 
Sea coast, additional transect lines have been added to ensure an uniform 
geographical distribution. Finally, we estimated pelagic Chl-a in 552 locations on 92 
transects in YSLME. 
The present study concomitantly estimated concentrations of total suspended 
solids (SS) at Pcoast locations by GOCI. The pelagic SS concentrations were 
estimated using YOC (Yellow Sea Large Marine Ecosystem Ocean Colour Group) 
algorithm in concern of geographical and oceanographical settings (Siswanto et al., 
2011). Consequently, we investigated relationships of pelagic SS versus pelagic Chl-




2.2.2 Study area and sampling methodology 
 
Sediment samples were collected from the intertidal regions considering 
evenly geographical distribution of MPB along YSLME. Sediment samples were 
collected in ebb tide (during exposure) along coastal areas (68 locations in 21 regions) 
including brackish (n = 38) and saline areas (n = 30) (Fig. 2.3) within a month 
between June 27 and July 23, 2018. Three sediment samples were collected using a 
syringe corer on each sampling site to determine Chl-a concentration as a proxy of 
MPB biomass. In addition, surface sediments (at 0.5 cm depth) were scraped and 
stored in airtight plastic bags for taxa identification of diatoms and analysis of 
sediment properties. Before analysis, sediment samples for MPB biomass and 
sediment properties (total organic carbon, total nitrogen, stable carbon isotopic ratio, 
and particle size parameters) were frozen in the field and stored at −20 °C in the 
laboratory, but diatom samples (in surface sediment) were fixed with fixed with 
formalin to a final concentration of 2% and stored at room temperature. 
The following physical seawater parameters were measured at each sampling 
site using YSI multi-parameter probes (H40d, HACH, Loveland, CO., USA) in 
subsampled seawater in situ: pH, temperature (°C), dissolved oxygen (mg/l), and 
salinity (psu). The sediment samples for analyses of total organic carbon (TOC), total 
nitrogen (TN), and carbon stable isotopic ratio (δ13C) were freeze-dried, 
homogenized, and powdered using agate mortar. The sediment samples were then 
decalcified with 10% hydrochloric acid, washed twice with deionized water, and 
freeze-dried again for determination of TOC and δ13C. TOC, TN, and δ13C in 
sediments were measured with an Elemental Analyzer-Isotope Ratio Mass 
Spectrometer (EA-IRMS) (Elementar, Gmbh, Hanau, Germany). Stable carbon 
isotopic compositions were expressed as ‰ delta notation, given in equation (1).  
 
δ13C or δ15N (‰) = [Rsam/Rref -1] × 1000     (1) 
 
where, Rsam and Rref are the compositions (13C/12C or 15N/14N) of the sample and 
reference, respectively. Isotopic compositions were reported relative to conventional 
reference materials, Vienna Peedee Belemnite (VPDB) for carbon, and atmospheric 
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N2 for nitrogen. International isotope standards, IAEA-N-2 and IAEA-CH-3, were 
used as reference materials to calculate analytical error of carbon and nitrogen, 
respectively. Measurement precision was approximately 0.04‰ for δ13C and 0.2‰ 
for δ15N. 
To measure particle size distribution of sediments, subsamples were treated 
with H2O2 to remove organic matter and then analyzed using a laser diffraction 
method (Mastersizer 3000 grain size analyzer; Malvern Instruments, Ltd., 
Worcestershire, UK). Sediment Chl-a was extracted with 10 ml of 100% acetone for 
24 h at 4 ºC. Samples were then centrifuged at 3000 rpm for 5 min. The absorbance 
of the extracted solution was measured using a spectrophotometry (Jenway 7310 
spectrophotometer, UK) by placing 3 ml of the solution in a quartz cuvette. The 
concentration of Chl-a (mg m-2) was calculated by the Lorenzen (1967) equations, 




2.2.3 Data analysis 
 
Benthic primary production (PP) was estimated in YSLME between June 20 
and July 20, 2018. We used a MPB PP model which is temperature-based algorithms 
for the estimation of MPB PP from previous study (Kwon et al., 2018). Based on 
this empirical MPB PP model, the MPB PP in YSLME is possible to calculate by 
input of explanatory factors such as temperature, irradiance, tidal height, and 
chlorophyll-a concentration (viz. MPB biomass) (Table 2.4). In brief, both the 
chlorophyll-specific maximum photosynthetic capacity (Pbmax) and the saturated 
light intensity (Ik) were significantly correlated with temperature (p < 0.01), with 
MPB photosynthesis-irradiance (P-I) equations (2) and (3): 
 
Pbmax = 0.2156 × e0.0484T        (2) 
Ik = (5.0670 × T) + 434.5538       (3) 
 
where Pbmax (mmol O2 mg Chl-a-1 h-1) is the chlorophyll-specific maximum 
photosynthetic capacity; Ik (μmol photons m-2 s-1) is saturated light intensity; and T 
is temperature (°C). Therefore, the primary production are represented by quantum 
efficiency derived from P-I model given in equation (4) (Jassby & Platt, 1976): 
 
PG(t) = Chl-a(t) × {[Pbmax(t)] × tanh [αb(t) ∙ I(t) / Pbmax(t)]}    (4) 
 
where PG is gross primary production (mmol O2 m-2 h-1); Chl-a is chlorophyll-a 
concentration (mg Chl-a m-2); Pbmax (mmol O2 mg Chl-a-1 h-1) is a measure of 
chlorophyll-specific maximum photosynthetic capacity; αb (mmol O2 mg Chl-a-1 h-1 
(μmol photons m-2 s-1)-1) is chlorophyll-specific photosynthetic efficiency, which is 
an indicator of quantum efficiency of photosynthesis; and I (μmol phothons m-2 s-1) 




The hourly water temperature and irradiance data were collected from the 
ocean stations and meteorological stations, respectively, situated close to each study 
site of China and Korea. The hourly tidal data in Korea were collected from the tidal 
stations which located close to each study site, while that of Chinese coasts were 
collected from predicted tide tables presented by the National Marine Data and 
Information Service, China (NMDIS, 2017). The predicted data error is within 20 to 
30 minute in time and 20 to 30 cm in tidal height. The MPB Chl-a was used by 
averaging the values measured in the Yellow Sea field survey. However, there is a 
possibility that primary production may be over- or under-estimated in areas where 
Chl-a are measured very high or low because Chl-a values in the Yellow Sea are 
showing widely regional variations in MPB biomass are very ranged (0.2−166.2 mg 
m-2). Thus, we used values in 99% confidence interval for the PP model, namely, top 
and down of 0.5% of the MPB Chl-a of total were excluded. 
Altogether, daily production was integrated with gross primary production 
over exposure periods (hours) which was considered tidal height of sampling 
location, also assuming that there is little or no primary production by MPB when 
the tidal flat is submerged (Kwon et al., 2014) (Eq. 5).  
 𝑃 𝑡 𝑑𝑡         (5) 
 
where daily PP is integrated with primary production (mmol O2 m-2 d-1) over the 
period of exposure (viz., after ebb and before flood) to sunlight a day; and PG 
represents gross primary production given in equation (6). Daily benthic PPs in 
North Korea were roughly calculated by input of estimated values in benthic Chl-a 
in this study (P-I curve based), irradiance data from closest stations in China and 
Korea, (air) temperature forecast of Pyongyang, and predicted tidal height (Hwang 
et al., 2014). The benthic Chl-a in North Korea estimated by a regression curve for 
benthic-pelagic Chl-a correlation in this study (see Fig. 2.4B). For irradiance in 
North Korea, we used irradiance data given in Chinese and Korean regions, which 
are Dandong (DD) for northern 6 stations; Suncheon (SC, n = 3), Anju (AJ, n = 2), 
and OC1 station of Oncheon (OC) and Shihwa (SH) for southern 4 stations; OC2 
station of OC and Ongjin (OJ, n = 3). As a result, summer benthic PPs (20th 
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June−20th July) in the Yellow Sea were estimated by the sum of the daily 
productions (see Fig. 2.6). 
Benthic to pelagic ratio. To assess significant environmental factor to 
benthic-pelagic coupling, we suggested a simplified index in terms of relationship 
between benthic and pelagic Chl-a, expressed as pelagic to benthic (P/B) ratio, 
given in equation (6): 
 
P/B ratio = (Chl-apelagic × D) / Chl-abenthic     (6) 
 
where, Chl-apelagic is the concentration of chlorophyll-a in seawater (mg m-3) at Pcoast 
or P20 location; D is mean water depth corresponding at Pcoast or P20 locations; Chl-
abenthic is MPB biomass (mg m-2) in sediment. 
The regression function of SigmaPlot (v10.0, Systat Software, Inc.) was 
used to confirm significant variation among the data by fitting the curve with 95% 
confidence interval. Analysis of variance (ANOVA) was perform to evaluate 
difference of Chl-a distribution among groups of pelagic Chl-a (Pcoast, P20, P40, P60, 
P80, and P100), and correlation analysis (CA) was utilized to assess potential 
interactions between environmental parameters and benthic/pelagic Chl-a. ANOVA, 
CA, and PCA were performed using SPSS 23.0 (SPSS Inc., Chicago, IL). To 
evaluate spatial similarity on Chl-a distribution among benthic and pelagic locations 
grouped by distance, cluster analysis and non-metric multidimensional scaling 
(NMDS) were performed using PRIMER packages (Clarke & Gorley, 2006). The 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3.1. Global distribution of coastal Chl-a concentrations 
 
MPB studies mostly have been conducted in the regions of macro- to 
megatidal regime; our meta-data analysis has shown that the global average values 
on biomass and annual MPB PP indicated ~80 mg Chl-a m-2 and ~125 g C m-2 yr-1, 
respectively (Fig. 2.1). Various coastal wetlands are widely characterized in the 
North America and western Europe, whereas tidal flats are largely developed in East 
Asia. Interestingly, the very regions are highlighted with enriched MPB biomass 
being averagely over 100 mg Chl-a m-2 (Fig. 2.1A−C), on the contrary, that of East 
Asia showed that relatively depleted MPB biomass (av. 43 mg Chl-a m-2). However, 
annual PP is much greater (Fig. 2.1B), indicating the elevated MPB productivity as 
biomass-specific PP (viz., higher photosynthetic capability per unit Chl-a). This 
phenomenon is sometimes a result of taxa-specific difference (Hellbust & Lewin, 
1977; Underwood et al., 2005) and/or survival strategies supporting metabolic 
difference of MPB depending on environmental conditions (Sundbäck & Graneli, 
1988; Tuchman et al., 2006). The result is also suggesting a possibility of that MPB 
in East Asia are predominantly adapted to autotrophic (phototrophic) metabolism 
whereas North America and western Europe MPB are presumably adapted to both 
of heterotrophic and phototrophic metabolism. These all data and circumstances 
further suggest the flexibility of MPB to take diverse production strategies upon taxa 
and various environmental conditions. 
We compiled data of benthic Chl-a of previous studies (Fig. 2.1A−C), and 
then estimated the pelagic Chl-a in adjacent coastal seawater using satellite images 
of MODIS (Moderate-Resolution Imaging Spectroradiometer) with a resolution of 4 
km × 4 km (Fig. 2.2A). Benthic Chl-a is weakly correlated with pelagic Chl-a in the 
global window (R2 = 0.022, p = 0.089, n = 133), and benthic and pelagic Chl-a in the 







Fig. 2.1. Global biomass and production of microphytobenthos (MPB) in the tidal 
flats. Map showing the global tidal range (middle) with is slightly modified 
from previous studies (see Method). Study areas where MPB (viz., benthic) 
biomass or primary production (PP) reported are presented in red cross. A–C, 
Yellow and Green circles indicate annual meta-analytic mean of MPB 
biomass and PP, respectively, and the size of circles represents the magnitude. 
Solid blue lines and shadings (left) indicate the latitudinal means of tidal 
height and standard deviations, and red line is indicating mean tidal height in 
previous studies on MPB biomass and PP. Bottom insets, Yellow and green 
bars are indicating annual means of MPB biomass and PP in subregions of 
western Europe (A), East Asia (B), and North America (C). The red outlined 
bars in East Asia show MPB biomass, which are measured in this study (in 












Fig. 2.2. Global-scale distribution of chlorophyll-a (Chl-a) concentrations between 
intertidal sediment and coastal seawater. A, Map showing concentration of 
pelagic Chl-a around USA, western Europe, East Asia, South Africa, and 
Australia. B and C, Distribution of Chl-a concentrations data between benthic 
and pelagic Chl-a in global (B) and the Yellow Sea (C) coasts. D, Chl-a 
concentrations were measured in sediments collected from the Yellow Sea 
coast in this study, and pelagic Chl-a concentrations (at the similar time to the 
in situ sampling) were estimated by MODIS. Solid lines and blue shadings 














Fig. 2.3. Map showing sediment sampling locations along Yellow Sea coast in China 
and South Korea. Sediment samples were collected in ebb tide (during 
exposure) along coastal areas (68 locations in 24 regions) including brackish 
(n = 38) and saline areas (n = 30) within a month between June 27 and July 
23, 2018. **Concentrations of benthic chlorophyll-a (viz., 
microphytobenthos biomass) in North Korean coast were estimated from a 




2.3.2. Benthic-pelagic coupling of Chl-a in the Yellow Sea 
 
Satellite image data in higher resolution have addressed stronger correlation 
between benthic and pelagic Chl-a, specifically with the analysis of GOCI 
(Geostationary Ocean Color Imager) images as well as in situ Chl-a data. Namely, 
spatial linkage on distribution of benthic-pelagic Chl-a concentrations at more 
detailed resolution was of primary interest. As for the concentrations of pelagic Chl-
a were estimated by us of GOCI-derived images. Finally, correlations between both 
concentrations of benthic and pelagic Chl-a were determined. We also measured 
environmental parameters to consider significant factors controlling Chl-a dynamics 
(Table 2.2). Overall, spatial distribution of Chl-a concentration from benthic to 
pelagic environment in the Yellow Sea coast is analyzed and depicted (Fig. 2.4 & 
Table 2.3).  
Details for insets of Fig. 2.4, which is showing benthic-pelagic coupling on 
distribution of Chl-a in the Yellow Sea, A, Map showing the sampling sites and each 
mean concentration of benthic Chl-a in sediments (yellow bars) collected from 
intertidal area, the Yellow Sea. Concentrations of pelagic Chl-a on transects are 
estimated from GOCI images. Basically, a transect line consists of six locations; one 
closest location (Pcoast) from a benthic sampling coordinate (P0), and five locations 
up to 100 km in 20 km intervals (P20, P40, P60, P80, and P100). In order to ensure a 
uniform geographical distribution of pelagic Chl-a, additional transects have been 
added along the Yellow Sea coast. In case of benthic Chl-a in North Korea (N-KOR), 
the values were estimated from the best fitting curve of benthic-pelagic correlation. 
B, Schematic illustration of the MPB and transect locations in the Yellow Sea. B, 
Frequency of Chl-a concentrations in pelagic locations. D, Distribution of Chl-a 
concentrations between adjacent spaces on benthic to pelagic locations. Solid lines 
and orange shadings indicate a regression fit and the 95% confidence interval, 
respectively. Outliers (grey circles) are removed to improve accuracy of the 
regression curve. D, Spatial variability in Chl-a concentrations. Solid lines and 
shadings indicate regression fits and the 95% confidence intervals, respectively. 
Asterisks indicate statistical significance determined by ANOVA test (p < 0.005). F, 
Dendrogram representing hierarchical clustering based on Euclidean distance. G, 
 
 36
BPC boundary in YSLME, suggested by non-metric multidimensional scaling 
(NMDS) with respect to the spatial distribution of Chl-a concentration. Colors in 
circles indicate mean concentration of Chl-a. (F and G) MPB Chl-a (P0) data were 
log-transformed before cluster analysis and NMDS. 
Locations for pelagic Chl-a estimation were conducted on 100 km transects 
which consists of six locations in a row; a closest location in coast (Pcoast) and five 
outer locations allocated in 20 km intervals from Pcoast (P20, P40, P60, P80, and P100) 
(Fig. 2.4A−B). Mean concentration of benthic Chl-a was relatively greater in the 
coasts of China (av. 34.2 mg m-2) than that of Korea (av. 21.4 mg m-2), except for 
estimated values in North Korea. We concomitantly assumed benthic Chl-a values 
in the North Korea, which were based on the correlation curve on relationship 
between benthic-pelagic Chl-a in China and South Korea. On average, the estimated 
benthic Chl-a concentrations in North Korea were relatively higher values than those 
of South Korea due to enriched pelagic Chl-a. 
Here, a clear association between benthic Chl-a (P0) and pelagic Chl-a (Pcoast) 
was demonstrated (Fig. 2.4C−D). It was found that the logarithmic increase of Pcoast 
Chl-a is in accordance with the benthic Chl-a (R2 = 0.503, p < 0.001, n = 67, one no-
data location was removed). Relatively weak association was observed between Chl-
a concentrations of pelagic locations in Pcoast and P20, and Chl-a concentrations in 
outer locations were significantly correlated (p < 0.001) between two adjacent 
pelagic locations (viz., P20 vs P40, P40 vs P60, P60 vs P80, and P80 vs P100) (Fig. 2.5). 
Such a trend is also to be confirmed in the frequency of Chl-a concentrations by 
distance gradient (Fig. 2.4C), particularly Pcoast and P20 were markedly distinguished 
with outer pelagic locations (P40, P60, P80, and P100) (Fig. 2.4E−F). These results 
imply that MPB was resuspended into seawater column and subsequently 
transported to offshore, finally mixed with pelagic phytoplankton even in ~10 km 
away offshore, say active BPC boundary (Fig. 2.4G). The BPC may be related to 
more direct effects of region-wide and topographical variations by tidal amplitude 
and current velocity on the local intertidal flats (De Jonge & Beusekom, 1995; Koh 
et al., 2006) Diurnal cycles of tidal currents have a great influence on the 
resuspension and transport of sediments in intertidal area, thus MPB in sediments 
are also suspended. Such a contribution of benthic derived phyto-particles into 
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overlying water column, in terms of total biomass (or production) in shallow 
intertidal environment (Park et al., 2014). In our analysis, the relationship between 
the concentrations of suspended solids (SS) and benthic Chl-a were not significant, 
yet relatively significant correlation was observed between SS and pelagic Chl-a 






Fig. 2.4. Benthic-pelagic coupling boundary on spatial distribution of chlorophyll-a 
concentration (Chl-a) in the Yellow Sea large marine ecosystem scale (see 










Fig. 2.5. Spatial correlation in concentration variance of chlorophyll-a (Chl-a) 
among coastal sediments (benthic Chl-a) and pelagic waters (Pcoast, 20, 40, 60, 
80, & 100). Statistical significance was determined at the level of p<0.005, and 
solid line indicates regression fit. The benthic Chl-a was measured in 
sediment collected from the Yellow Sea coast (in situ) and the pelagic Chl-a 











Fig. 2.6. Concentration of chlorophyll-a (Chl-a) and suspended solids (SS) in pelagic 
waters of the Yellow Sea. A and B, Map showing pelagic Chl-a and SS 
estimated by GOCI images, respectively. A’, Solid line indicate a regression 
fit between concentrations of pelagic SS and Chl-a at Pcoast locations. B’, 
Correlation was not found between concentrations of pelagic SS (at Pcoast) and 




2.3.3. Primary production and P/B ratio in the Yellow Sea 
 
Temperature-based algorithm (Kwon et al., 2018) allowed us to calculate 
MPB PPs in the YSLME, which showed that regional variations along the Yellow 
Sea coast (Fig. 2.7–2.8, Table 2.4). Total mean of PPs was relatively higher in China 
(~50 g C m-2 month-1) than that of Korea (~32 g C m-2 month-1) mainly due to the 
somehow enriched MPB biomass in Chinese coasts (Fig. 2.4). As a featured trend, 
the locations with high MPB biomass were adjacent to riverine areas, suggesting that 
the nutrients input through river play a great role in MPB and pelagic phytoplankton 
proliferations. Accumulative anthropogenic stresses by long-term coastal 
developments were major factor to enforce nutritional load in the aquatic 
environment, for instance, the riverine organic carbon input to the ocean major rivers 
in China is very outstanding at the moment (Seitzinger et al., 2010). 
Globally, the Yellow Sea coast is well known as macrotidal regime (Fig. 2.1), 
including an extreme megatidal area (max. > 10 m) in the West coasts of Korea 
(especially South Korea) (Fig. 2.3). Thus, despite of relatively small values of 
Korean PPs compared to China, more portion of MPB would be resuspended and 
transported offshore. To test the hypothesis, simplified index of pelagic to benthic 
Chl-a ratio (P/B ratio) was used, which is to provide a qualitative and practical 
criterion on the degree of BPC. As a result, P/B ratio increases according to tidal 
height (R2 = 0.172, p < 0.005, n = 48) (Fig. 2.8A), whereas there was no significance 
with other physicochemical parameters (Fig. 2.8B–I). Specifically, Korean locations 
of megatidal regime were clearly distinguishable with Chinese locations of 








Fig. 2.7. Benthic primary production (PP), pelagic to benthic chlorophyll ratio (P/B 
ratio), and tidal height along the Yellow Sea coast. Regional benthic PPs 
during mid-June to mid-July, 2018 calculated from temperature-based PP 
model (**North Korean PPs were roughly calculated with estimated values; 
benthic Chl-a, irradiance, temperature, and tidal height). The box plots (center) 
showing PPs in the Yellow Sea (YS), China (CHN), and North and South 
Korea (KOR). Total suspended solids (SS) in seawater estimated by GOCI 
satellite images, and arrows of orange (CHN) and blue (KOR) represent range 














Fig. 2.8. Relationship between P/B ratio and environmental variables including 
seawater and sediment properties. The tidal height significantly increased P/B 
ratio (A), however, pH (B), water temperature (C), dissolved oxygen (D), 
salinity (E), grain size (F), total nitrogen (G), total organic carbon (H), and 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.3. Concentration of benthic chlorophyll-a (Chl-a) measured in 
sediments and pelagic Chl-a in open-sea estimated from satellite images 
(GOCI-derived) along the Yellow Sea coasts. 
   Benthic Chl-a Pelagic Chl-a 
Site*  Sampling Chl-a Estimating Distance Chl-a 
  date (mg m-2) date (km) (mg m-3) 
China         
DD  2 Jul. 25.7 (-) 2 Jul. 8.0 (-) 2.2 
DL  1 & 2 Jul. 15.2 (5.3) 2 Jul. 5.0 (1.1) 2.6 
YK  4 Jul. 19.5 (1.5) 4 Jul. 13.7 (1.9) 1.9 
JZ  5 & 6 Jul. 23.0 (5.1) 4 & 10 Jul. 14.3 (5.0) 2.4 
HL  6 & 7 Jul. 92.5 (31.5) 10 Jul. 5.6 (0.2) 2.1 
QH  8 & 9 Jul. 35.1 (12.2) 10 Jul. 8.5 (2.5) 1.4 
TS  10 Jul. 26.3 (7.9) 10 Jul. 7.1 (0.9) 1.6 
QD  27―30 Jun. 18.5 (8.6) 28―30 Jun. 6.6 (1.7) 2.0 
RZ  27 Jun. 31.2 (9.7) 28 & 29 Jun. 4.5 (1.0) 1.7 
WH  1 & 2 Jul. 54.3 (37.8) 2 Jul. 6.7 (2.1) 3.0 
YT  2 & 3 Jul. 12.4 (6.4) 2 & 3 Jul. 2.6 (0.8) 2.2 
WF  4 & 5 Jul. 58.8 (19.9) 3 & 6 Jul. 10.3 (1.4) 2.7 
BZ  8 Jul. 32.1 (5.6) 10 Jul. 5.5 (1.2) 2.0 
TJ  9 & 10 Jul. 13.4 (1.5) 10 Jul. 9.3 (1.5) 2.2 
LY  30 Jun. & 1 Jul. 38.1 (13.6) 1 Jul. 8.2 (2.0) 1.8 
YC  2 & 3 Jul. 19.8 (6.6) 3 Jul. 16.0 (2.4) 2.2 
NT  4―6 Jul. 64.7 (27.5) 3 Jul. 9.4 (3.1) 2.0 
South Korea      
SH  16 Jul. 26.8 (6.8) 16 Jul. 2.1 (1.0) 2.2 
AS  15 Jul. 18.3 (1.7) 15 Jul. 3.8 (0.3) 2.5 
TA  14 & 15 Jul. 8.2 (1.6) 14 & 15 Jul. 0.9 (0.1) 2.1 
SS  23 Jul 67.5 (-) 23 Jul 4.3 (-) 3.5 
GS  14 Jul. 16.6 (-) 14 Jul. 14.3 (-) 2.1 
BA  14 Jul. 11.9 (-) 14 Jul. 15.8 (-) 2.5 
MP  13 Jul. 22.9 (5.1) 14 Jul. 5.6 (1.9) 2.0 
North Korea**     
SC  - 25.4 (4.0) 17 & 19 Jul. - 2.2 
AJ  - 14.2 (0.4) 16 & 19 Jul. - 2.0 
OC  - 60.9 (30.3) 17 Jul. - 2.4 
OJ  - 86.6 (2.9) 19 & 20 Jul. - 2.7 
Values are shown as mean with standard error in parenthesis. 
*Site names are given in Table 2.2. The distance indicates straight-line 
distance from sediment sampling location (in situ) to the Pcoast location (see 
Method).  
**Data in North Korea are estimated by a regression curve for relationship





Table 2.4. Mean values of water temperature, daily irradiance, and daily
primary production (PP) of microphytobenthos (MPB); and total PP of MPB 
during June 20 to July 20, 2018 in the Yellow Sea coasts.  
  Temp. Irradiance Production  
Site (abb) (oC) (MJ m-2 d-1) (g C m-2 d-1) (g C m-2 month-1) 
China       
DD 22.1  20.7 0.98 30.5 
DL 23.3  20.7 0.61 19.1 
YK 25.3  23.8 0.95 29.5 
JZ 24.5  23.8 1.13 34.9 
HL 24.4  23.8 2.80 86.8 
QH 24.2  17.9 1.68 52.2 
TS 26.5  17.9 1.59 49.2 
QD 25.2  18.1 1.05 32.6 
RZ 24.9  18.1 1.36 42.2 
WH 23.0  20.9 4.83 150 
YT 26.7  20.9 0.76 23.6 
WF 28.0  20.9 4.27 132 
BZ 28.2  18.1 1.80 55.9 
TJ 28.0  18.1 0.77 23.8 
LY 27.2  18.1 1.84 56.9 
YC 26.3 18.7 0.88 27.2 
NT 27.1  16.7 0.72 22.2 
South Korea      
SH 21.9  19.0 1.01 31.2 
AS 22.5  19.2 0.80 25.0 
TA 21.5 19.6 0.34 10.7 
SS 24.3 19.6 3.46 107 
GS 29.1 20.0 1.02 31.7 
BA 24.3 11.5 0.50 15.4 
MP 25.0 20.4 1.27 39.2 
North Korea**      
SC 24.0  20.7 1.08 33.4 
AJ 24.0  20.7 0.66 20.4 
OC 24.0  20.7 2.82 87.5 
OJ 24.0  19.0 3.29 102 
*Site names are given in Table 2.2. 
**PPs in North Korea were roughly calculated by input of estimated values in





Our broad-scale field surveys highlighted a specific spatial extent of BPC 
revisited in a large marine ecosystem (LME) scale. A key implication from the BPC 
boundary in YSLME is that the range of BPC (~10 km) is globally very great among 
large marine ecosystems. In the same context, in the high tidal regions such as the 
Yellow Sea, benthic and coastal production will greatly contribute to open-ocean 
production (Ware & Thomson, 2005). Indeed, high species diversity along with great 
PP have been acknowledged among global macrotidal regime such as North Sea, 
Australian Sea, and Yellow Sea (Costello et al., 2010). In local scales, contributions 
of resuspended MPB have been confirmed through the marine food web. For 
example, relative MPB proportion (vs. phytoplankton) in water column showed 
seasonal variations, and contemporarily, similar trends were reflected in stable 
isotope signatures of filter-feeder (Ubertini et al, 2012). A Korean study also 
demonstrated a decrease pattern on dietary contribution of MPB to marine 
invertebrate following a distance gradient from intertidal to open ocean areas (Kang 
et al., 2014). These trophic linkages are of critical importance, as the biomass of 
marine benthic primary producers can be highly influential in determining the 
richness and abundance of upper trophic levels (Ware & Thomson, 2005).  
In conclusion, this study synthetically assessed the intertidal benthic 
production globally, with the first suggestion of the offshore boundary of BPC in the 
YSLME. The significance of tidal energy on the transport of benthic production to 
pelagic zone was also highlighted. Of note, the complex cross-ecosystem coupling 
among the various components of marine ecosystem all starts from the most ‘primary’ 
producers of tidal flats in LME; the weakening of benthic productivity could lead to 
a series of declines in the diversity and proliferation of marine lives. Unfortunately, 
in the Yellow Sea coasts and elsewhere is subject to the habitat deterioration by 
means of coastal development e.g. large-scale reclamation. Tremendous degradation 
of biodiversity with rapid perishment of marine ecosystem has been consequently 
reported as a result of the demolition of tidal flats which are the basis of benthic 
production by reclamation (Ryu et al., 2014), implying the fundamental production 
loss of benthic and pelagic production. In the issue for a worldwide decrease in 
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fishery catches, such primary production loss by habitat destruction should be 
addressed in depth, and it has to be concerned if ocean can be to continue its 
important role in supporting food provisioning. In the end, ‘bottom-up process’ is 
not only important for the sound implementation of coastal management but also 










Influences of the estuarine dike  
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Estuarine ecosystem represents some of the most highly productive areas 
globally (Costanza et al., 1997; McLusky & Elliott, 2004). Such high productivity 
of estuaries is generally explained by a greatly complex environment, whereby the 
mixing of freshwater and seawater leads to habitats and biodiversity occupying 
dynamic environmental gradients. Accordingly, the benthic consumers in shallow 
intertidal zones utilize both autochthonous and allochthonous resources cross 
terrestrial and marine gradients (Nixon et al., 1986; Yokoyama & Ishihi, 2007; 
Thottathil et al., 2008; Antonio et al., 2012; McTigue et al., 2015; Dias et al., 2016). 
Several studies revealed that the relative contributions of these potential food sources 
would vary depending on the flooding frequency of freshwater (Delong et al., 2001), 
seasonal abundance of benthic primary producers (Kang et al., 2006), and feeding 
type or diet preferences of consumers (Davenport et al., 2011; Rossi et al., 2015). In 
particular, macrobenthos are relatively longlived, lesser mobile, and locality-specific 
(Diaz-Castaneda & Reish, 2009), and thus could be regarded as ideal medium to 
elucidate the trophic history through the assimilation of varying food sources.  
Natural food sources for consumers in the intertidal areas are diverse from 
phyto- and zooplankton, microphytobenthos (MPB), detritus, and to organic 
aggregations formed of exudates and colloidal materials. Those potential food 
sources are incorporated into the benthic food webs by deposit and/or filter feedings 
of macrobenthos (Kang et al., 2015). Several studies have reported the ecological 
significance of MPB in benthic food web, which regularly inhabit bare intertidal flats, 
as major food sources for many macrobenthos, because they exhibit higher 
productivity and biomass compared to planktonic organic matter (De Jonge & Van 
Beuselom, 1992; Lucas & Holligan, 1999; Kang et al., 2003). Further MPB 
contributes significant proportion, of pelagic organic matters, sometimes over 50% 
to total, by tide and/or wind driven mixing followed by prolonged resuspension in 
the shallow water system such as tidal flats (De Jonge & Van Beuselom, 1995; Koh 
et al., 2006). This periodic process allows deposit feeders, which prey on MPB in 
the sediment, and filter feeders to prey on resuspended MPB in the water column. 
Thus, intertidal flats are important because they provide constant sources of food for 
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various benthic consumers, with locally produced MPB transporting organic carbon 
into the food web of nearshore marine habitats.  
Stable isotope analysis of carbon and nitrogen is widely used to investigate 
the trophic structure of various ecosystems. It is also used to identify the contribution 
of potential food sources to upper level consumers. The stable nitrogen isotopic 
composition (δ15N) is used to determine the trophic levels of organisms in food webs, 
while the stable carbon isotopic composition (δ13C) is used to assess sources and 
pathways of organic matter from the dietary source to consumers (Fry & Sherr, 1984; 
Owens, 1988; Peterson & Fry, 1987). Earlier studies revealed that the relative isotope 
signatures of potential food sources vary across habitats and/or environments. For 
instance, vascular plants and mangroves (Lee, 1999; Rossi et al., 2010; Kristensen 
et al., 2017), terrestrial organic matters (Kasai & Nakata, 2005; Karlsson et al., 2012), 
macroalgal or seagrass detritus (Vizzini et al., 2002; Karlson et al., 2016), phyto- 
and zooplankton (Xu & Zhang, 2012; Golubkov et al., 2018), and anthropogenic 
effluent (McClelland & Valiela, 1998) exhibit distinct ranges in isotope signatures. 
Therefore, the stable isotopic approach is based on certain assumptions, namely, the 
consumers integrated in the sum of relative diet contributions and isotopic 
fractionation between dietary sources and consumers in one trophic level are 
predictable (Post, 2002). 
Freshwater discharge into closed estuaries is artificially controlled by opening 
and closing of water-gates at low and high water, respectively. A sea dike has closed 
off natural river flow from 1990 in the Geum River estuary, Korea; consequently, 
the dietary contribution of freshwater resources to estuarine benthic consumers 
might be strongly linked to freshwater discharge. Although the food sources 
available to the consumers may be limited in this anthropogenically altered 
environment, there are very few studies on the trophic contribution of potential food 
sources with terrestrial POM introduced by artificial freshwater discharge. Thus, 
study looking for marine benthic food web in the altered environment of closed 
estuary in varying perspectives, such as spatiotemporal, organ-specific, and age-
related variations for assimilation of nutrition, would be timely necessary and 
important.  
In the present study, we collected macrobenthos and their potential food 
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sources from four locations along the Geum River estuary, encompassing eight 
seasons from 2015 to 2017. The clams Mactra veneriformis and Cyclina sinensis 
were specifically targeted because they are dominant in the study region and also 
commercially important along the intertidal flats of the Yellow Sea. The specific 
objectives were to: 1) evaluate the isotopic signatures of discharged-freshwater POM 
as potential food sources for intertidal macrobenthos in the closed Geum River 
estuary; 2) assess the trophic structure of the benthic ecosystem by comparing the 
stable isotope composition of potential food sources to benthic consumers; 3) 
determine seasonal variation in the contribution of potential food sources and 
identify the major food source (s); and (4) highlight organ- and size-specific isotope 
variations in the two target bivalves. Ultimately, this study supports to better 
understand benthic food web in the closed estuary and step towards enhanced 




3.2. Materials and Methods 
 
3.2.1. Study area and data collection 
 
The study area, Geum River estuary, is located on the west coast of South 
Korea. Freshwater input occurs by irregular discharge through the sea dike. The 
sampling locations were selected based on the oceanographic settings, following the 
salinity gradient along the estuary, and included one freshwater area inside the sea 
dike (Geum River, GR) and three intertidal locations. Of the intertidal zones, two 
locations were in a coastal area near to the river mouth (Songlim-ri (SL) and Yubu 
Is. (YB) and one was located offshore (Dasa-ri, DS) far from river mouth (Fig. 3.1). 
The amount of freshwater discharged to the sea during study period was referenced 
from a record on freshwater discharge in Geumgang Project Office, Korea Rural 
Community Corporation (KRCC, 2019). Monthly precipitation rates of Gunsan City 
in the Geum River estuary was obtained from the open on-line source of the National 
Climate Data Service System (NCDSS, 2019) of Korea Meteorological 
Administration. Finally, we overlapped both the amount of daily discharged water 
and monthly precipitation rate (Fig. 3.2A). In general, 100 to 200 kt water was 
discharged on five to six occasions per month from the Geum River dike between 
2015 and 2017, excluding summer (July to August). During summer, freshwater was 
discharged up to 30 times per day totaling >800 kilo-tonne water per month, because 
monthly precipitation is the highest by regular heavy monsoon and typhoon rains. 
Sediment, sea/freshwater, and macrobenthos were sampled to analyze stable 
carbon and nitrogen isotopic compositions in sedimentary organic matter (SOM), 
particulate organic matter in freshwater (POMfw) and seawater (POMsw), and the soft 
tissue of biota in eight seasons over October 2015 to November 2017. Sampled 
macrobenthos were identified and separated into trophic groups followed by 
Yokoyama et al. (2005b), with diet and feeding type being taken into consideration. 
Discharged freshwater sample was randomly collected during irregular discharge 
times from June 2016 to November 2017, because the opening of the floodgate was 
determined from the amount of precipitation. In total, 22 samples (20 L per sample) 
were collected (Fig. 3.2A). 
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MPB samples were collected from two locations (DS and SL) in February and 
May, 2017, when microalgal mats were visible. The microalgal mats were scraped 
from the top of the sediment surface (~2 mm) and stored into a clean bottle on ice. 
The mats were transferred to the laboratory within 4 h. MPB was extracted from 
sediment following the method of Couch (1989), as described by Riera and Richard 
(1996). We also collected SOM samples scraped from the top of the sediment surface. 
POM was size-fractionated in situ by use of nets (mesh sizes of 100–1000 μm and 
20–100 μm). For collecting the 0.7–20 μm particle size, 20 L water was filetered 
through 20–100 μm net by eliminatiing the>20 μm particle size. And then, the 20 L 
water sample was transported to the laboratory and concentrated by vacuum filtration 
onto a glass-fiber filter to obtain POM of 0.7–20 μm particle size. Finally, we 
separated POM into three of size classes: 0.7–20, 20–100, and 100–1000 μm. The 
size-fractionation reflects the plankton size classification described by Makoto & 
Tsutomu (1984): nanoplankton (2–20 μm), microplankton (20–100 μm), and 
macroplankton (100–1000 μm), respectively. MPB, SOM, and POM samples were 
stored at −20 ℃ until pretreatment. 
Macrobenthos were collected by trap and capturing by hand. In total, >1100 
individuals of 19 species belonging to five taxa (Bivalvia, Gastropoda, Crustacea, 
Holothuroidea, and fishes) were collected in the intertidal area of the Geum River 
estuary during the study period (Table 3.1). Various size of dominant bivalves, M. 
veneriformis and C. sinensis (2.1–4.4 and 2.6–4.5 cm in shell length, respectively), 
were collected. In addition, two freshwater crustaceans, namely Palaemon paucidens 
and Eriocheir sinensis were sampled and analyzed which aids to link terrestrial 
isotopic signatures of dietary composition to freshwater organisms. All of the 
captured organisms were stored for 12–24 h in filtered sea/freshwater for evacuation. 
The hard shell of bivalves and gastropods was removed. The soft tissue was dissected 
into two sections: gut and remaining parts. For, M. veneriformis and C. sinensis, the 
shell length was recorded and individuals were grouped into size classes with a 
standard error of <0.5 cm in shell length. The soft tissues were dissected into the 
three sections: adductor, gut, and remaining parts. For crustaceans and holothuroidea, 
the carapace and gut were removed, and only the remaining parts (in soft tissue) were 
used for the analysis. For fish, only the fillet was used. The same organs from the 
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same species were pooled and rinsed with distilled water, homogenized, and stored 
at −20 ℃ until pretreatment. All of the frozen samples (e.g., macrobenthos, MPB, 
and POM) were lyophilized before stable isotope analysis. We referred to data 
of>200 μm pelagic POM for the food web reported in same area of a previous study 















Fig. 3.1. Map of the study area along the Geum River estuary, Korea, showing the 










Fig. 3.2. (A) Daily discharge in water mass (kiloton, light blue bar), monthly 
precipitation rate (mm, light blue circle), and sampling information including 
seasonal biota and sea/freshwater samples (n = 8, red arrow) and discharge 
water samples (n = 22, blue arrow) from 2015 to 2017. (B) Stable carbon and 
nitrogen isotopic compositions (δ13C and δ15N) of particulate organic matter 
(POM) in water samples. Water samples were collected from three locations 
including Dasa (DS, open coast), Yubu (YB, tidal flat on island), and Songlim 
(SL, river mouth). POM was separated into three size-classes: 0.7–20 μm 




3.2.2. Laboratory analysis 
 
To determine the stable isotopic compositions of carbon (δ13C) and nitrogen 
(δ15N) in dried-samples, soft tissues of macrobenthos, MPB, SOM, and POM were 
used following methods slightly modified from that described previously (Schubert 
and Nielsen, 2000; Ferrari et al., 2003; Khodse et al., 2007; Svensson et al., 2014). 
The lipids were removed from a subsample of macrobenthos. In brief, the process 
involved adding approximately 10 mL dichloromethane (DCM)/methanol (2:1, v/v) 
to 10–20 mg freeze-dried soft tissues of macrobenthos. The mixture was then 
sonicated for 10 min and centrifuged at 4000 g for 15 min. Then, organic solvents 
were pipetted off and discarded. This extraction procedure was repeated three to six 
times, depending on the lipid content of the sample. Lipid-free samples were 
evaporated under a gentle stream of N2 gas at room temperature until fully dry. 
Before quantifying δ13C in MPB, SOM, and POM (0.7–20 μm), the samples were 
decarbonated overnight by fuming them with HCI in a desiccator. A portion of the 
POM (20–100 and 100–1000 μm) was acidified overnight with 1 N hydrochloric 
acid (HCl, Sigma Aldrich, St. Louis, MO) to eliminate inorganic carbon. It was then 
rinsed with distilled water. The acidified samples were repeatedly freeze-dried and 
subsequent the redried samples were thoroughly mixed, and these samples were then 
weighed in a tin capsule for isotopic analysis. 
The values of δ13C and δ15N in MPB, SOM, and POM samples were pre-tested 
for each sample. Accordingly, the injection amounts of samples were then adjusted 
to determine the weight; approximately 3–10 mg for MPB and POM and 10–70 mg 
for SOM. Three replicates were analyzed for δ13C and δ15N, and the mean of 
triplicates was used for the data analysis. Very small samples (particularly, POMs) 
were analyzed without replicates. δ15N of some POM samples could not be measured 
due to the low concentration of N. δ13C and δ15N were measured with an Elemental 
Analyzer-Isotope Ratio Mass Spectrometer (EA-IRMS) (Elementar, Gmbh, Hanau, 
Germany). High purity carbon dioxide and nitrogen gases were used as reference 
gases, while helium and oxygen gases were used as carrier and combustion gases, 
respectively. Stable carbon and nitrogen isotopic compositions were expressed as ‰ 
delta notation refered in Eq. 1. 
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3.2.3. Data analysis 
 
To estimate the trophic level, we used the trophic enrichment factor (TEF) of 
δ15N 3.4‰ estimated in a previous study (Post, 2002). We used the mean δ15N values 
of all collected bivalves to represent the second level of the food web, because filter 
feeders assimilate varying primary producers and organic particles, leading to the 
assumption that they occupy trophic level 2 (Riccialdelli et al., 2017). The trophic 
level of each consumer was determined using the equation proposed by Vander 
Zanden and Rasmussen (1999) (Eq. 7): 
 
TLi = (δ15Ni − δ15Nbase)/TEF + TLbase      (7) 
 
where, TLi is the trophic level of each species evaluated, δ15Ni is the stable nitrogen 
isotopic composition of the species i, and δ15Nbase and TLbase are the mean stable 
nitrogen isotopic composition and the trophic level, respectively, of all bivalves. 
SPSS 23.0 (SPSS INC., Chicago, IL) was used to perform the statistical 
analyses. The stable carbon and nitrogen compositions of target bivalves (M. 
veneriformis and C. sinensis) were analyzed to test for differences between the two 
species and for different locations (DS, YB, and SL) using a t-test and a one-way 
analysis of variance (ANOVA) with Bonferroni post-hoc test, respectively. Before 
analysis, the analysis of variance was determined to be homogeneous between 
groups by the Levene's homogeneity test, meeting the assumption of variance 
homogeneity (p > 0.05). The same statistical method was used to test differences in 
δ13C and δ15N of the organs (gut, adductor, and remaining parts) of the two bivalves. 
Bayesian stable isotope mixing models in R (SIMMR) package (Parnell & 
Inger, 2016) were used to estimate the proportional contribution of potential food 
sources (POM and MPB) to the target bivalves as the primary consumers using the 
data analyzed in February, May, August, and October of 2017. The POMfw and 
discharged freshwater were excluded for the SIMMR, because it showed that the 
high enrichment of POM δ15N (mean 15.9‰) did not fit in model as a diet for 
primary consumers (e.g., mean 11.7‰ for δ15N in bivalves) in the seawater food 
web of the Geum River estuary. The isotope values of the adductor and remaining 
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parts (but not the gut) were used in the mixing model. For the contribution of POM 
and MPB, each value was pooled and evaluated as a total mean calculated without 
classifying the size of individuals below 100 μm. The δ13C and δ15N values in 
SIMMR were adjusted for trophic level using previous TEF estimates; 0.4 ± 1.3‰ 
for δ13C and 3.4 ± 1.0‰ for δ15N (Post, 2002). 
The nonlinear regression function of SigmaPlot (v10.0, Systat Software, Inc.) 
was used to fit the curve for isotope signatures of M. veneriformis for part-specific 
variation and size (shell length), but not used for C. sinensis because sample size was 
limited (n < 20). The Kolmogorov-Smirnov test was performed, which resulted in 
data meeting the assumption of normality (p > 0.05) (Rosenthal, 1968). The age of 
M. veneriformis was estimated base on the growth curve for shell length by von 
Bertalanffy's equation following Kim and Ryou (1991). We then separated 
individuals into, six age-classes: below 1 yr (< 21.7 mm), 1–1.5 yr (21.7–29.0 mm), 
1.5–2 yr (29.0–34.6 mm), 2–2.5 yr (34.6–38.8 mm), 2.5–3 yr (38.8–42.0 mm), and 
above 3 yr (> 42.0 mm) of age. The ages of C. sinensis were approximately assumed 







3.3.1. Variations of δ13C and δ15N of POM 
 
δ13C and δ15N of the POM in seawater and freshwater (including discharged 
freshwater) varied both spatially and temporally (Fig. 3.2B & Table 3.1). Over most 
of the time series in GR, δ13C and δ15N of POM were typically between −30 to −25‰, 
and 10 to 20‰, respectively. The total mean δ15N of POM in GR was 11.9‰, and it 
greatly fluctuated across seasons, ranging from 1.9 to 18.5‰. The smallest values 
for δ15N of POM were recorded in June and July of 2016, and August and September 
of 2017 (mean 5.6, 5.2, 3.4, and 7.3‰, respectively), before massive and continuous 
freshwater discharges. In comparison, δ13C of POM in GR was relatively consistent 
(mean: −25.4‰; range: −29.5 to −18.0‰). The highest values for δ13C POM were 
observed in August, 2016 and March, 2017 (−19.5‰ and −19.1‰, respectively). 
While, both of δ13C and δ15N of POMsw (DS and SL) were relatively stable between 
seasons (range: −25 to −20‰ for δ13C and 5 to 10‰ for δ15N). The total mean for 
δ13C and δ15N of POM was −21.7‰ and 6.5‰ in DS, and −22.1‰ and 6.9‰ in SL, 
respectively. There was no significant difference in the stable isotopic compositions 
of POM between the two seawater locations (DS and SL); however, there was a 
significant difference (p < 0.01) between the freshwater location (GR and discharged 
freshwater samples) and the seawater locations (DS and SL) (Fig. 3.2B). 
There was no isotopic difference in certain POM size-groups (0.7–20, 20–100, 
and 100–1000 μm) occupying the same site (p > 0.05, Table 3.1). However, for the 
>200 μm POM size-group, the plausible size for zooplankton, POM values were 
greater for δ13C (−19.9 ± 0.1‰) and δ15N (11.6 ± 0.4‰). The values for δ13C and δ15N 
in >200 μm POM seemed to be the result of feeding on pelagic POM and benthic (MPB) 
sources of zooplankton. Of note, depleted δ13C (−22.6 ± 0.2‰) and enriched δ15N 
(19.0 ± 1.2‰) isotopic signatures observed in two freshwater crustaceans indicated 
the separated trophic grouping from distinct intertidal food web. Altogether, we 
could successfully distinguish three groups of POM (POMfw, POMsw, and > 200 μm 
sized POMfw), MPB, and macrobenthos in biplot of the estuarine food web (Fig. 3.3). 
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3.3.2. Benthic food web 
 
There were distinct differences in both δ13C and δ15N among potential food 
sources, including MPB, SOM, and POM for primary consumers (Table 3.1 & Fig. 
3.3). As primary producers, MPB had the smallest mean δ15N (4.7‰), but had 
relatively enriched mean δ13C (−17.6‰) compared to those of SOM (−20.9‰), 
POMsw (−21.9‰), and POMfw (−25.4‰), respectively. Even though irregular 
freshwater discharge could supply the seawater area with POM, the very enriched- 
δ15N and depleted-δ13C values of freshwater POM were not considered to enter the 
trophic pathway of the seawater food web in the Geum River estuary. Therefore, 
three potential food sources for primary consumers were distinguished; POMsw as 
pelagic sources and MPB and SOM from benthic sources. 
Macrobenthos were assigned to its corresponding trophic group, such as filter 
feeder, deposit feeder, scavenger, carnivore, and omnivore (Fig. 3.3). Based on δ15N 
values, the trophic levels of most invertebrate species were estimated to be between 
two to three. Crustaceans and gastropods occupied slightly higher trophic levels 
(+0.5 upper) compared to bivalves (TL = 2.0). However, Upogebia major and 
Macrophthalmus japonicas occupied similar positions. Carnivorous fish species 
(Synechogobius hasta and Tridentiger trigonocephalus) occupied the highest tropic 
level (3.0–3.2) in this food web. Macrobenthos exhibited taxon-specific variation in 
δ13C values. 
The mean δ13C values of bivalve species ranged from −19.2 to −17.7‰, and 
had more depleted-δ13C compared to taxa in the upper trophic levels (Table 3.1). 
Gastropoda were represented by two carnivorous sea-sails (Neverita didyma and 
Rapana venosa) and one scavenger sea-snail (Nassarius livescens). In particular, N. 
didyma and R. venosa had enriched-δ13C mean values (range: −17.0 to −16.1‰) with 
much greater δ15N values (range: 13.3 to 13.7‰, TL: 2.4–2.6) than bivalves which 
are major prey. Crustacea and fishes had a relatively wide range of mean δ13C values 
(range: −18.2 to −13.4‰ and −19.4 to −16.0‰, respectively). The total mean values 
of stable isotope signatures for M. veneriformis were −17.8‰ for δ13C and 11.2‰ 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.3. Biplot of stable carbon and nitrogen isotopic compositions (δ13C and δ15N) 
of macrobenthos and potential food sources in the Geum River estuary. The 
values of potential food sources [such as particulate organic matter (POM), 
sediment organic matter (SOM), and microphytobenthos (MPB)] represent 
the total means with standard deviations (black line). The values of 
macrobenthos represent the means of individuals collected at each sampling 
time. The value of over 200 μm POM in seawater was obtained from Choi et 
al. (2017) (*Acronyms in parenthesis: (FF) filter feeder, (S) scavenger, (C) 




3.3.3. Variations of δ13C and δ15N in target bivalves 
 
The mean δ15N values of target bivalves did not significantly differ among the 
three locations where they were collected (M. veneriformis in DS and YB, and C. 
sinensis in SL; p > 0.05), whereas differences in the mean δ13C values were spatially 
significant (Fig. 3.4). Samples collected in winter (February, 2017) had more 
depleted-δ13C values compared to other seasons for both M. veneriformis and C. 
sinensis. The stable isotope signatures between the target bivalves showed no 
significant difference in total mean δ15N, but a significant difference for total mean 
δ13C (p < 0.01) (Fig. 3.5A). M. veneriformis and C. sinensis of various sizes, as a 
proxy of age, were collected from the Geum River estuary, ranging from below one-
year to above three-years in age (Table 3.2). Seasonal changes to stable isotopic 
compositions were detected for the two target bivalves. Both species were roughly 
separated into two groups according to their size: (1) small groups; < 2 yr for M. 
veneriformis and 1–2 yr for C. sinensis and (2) large groups; 2–3 yr for M. 
veneriformis and 2–3 yr for C. sinensis. The mean δ13C value of target bivalves in 
smaller groups was significantly lower (i.e., ~2.3‰ depleted-δ13C) compared to that 
of large groups in the winter of 2017 (p < 0.01). The difference in δ13C between small 
and large groups gradually decreased as the season progressed (Fig. 3.5B). 
The mixing model for the target bivalves, M. veneriformis and C. sinensis, 
indicated seasonal, species-, and size-specific variations in diet contributions (Fig. 
3.5B′). Overall, the mean contributions of MPB to target bivalves exceeded that of 
POMsw, except for the smallest size groups collected in February, 2017 (see Table 
3.2). There was a greater contribution of POMsw in these groups (mean 74% and 56% 
in M. veneriformis and C. sinensis, respectively). MPB represented a relatively minor 
component of the diet in winter for small-sized groups of the two target bivalves; 
however, from spring to fall, MPB formed the main dietary component (mean 49–
80%). In comparison, the mean dietary contributions of seawater POM tended to 
decline from winter to fall in the small-sized groups. MPB represented the main 
dietary component of large-sized bivalves for both species (mean: 65–88% and 64–
78% for M. veneriformis and C. sinensis, respectively). In comparison, seawater 
POM was a relatively minor dietary component in large-sized bivalves, with its mean 
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contribution being about 15% greater in small-sized groups. The mixing model 
indicated that the diet was the most complex in fall (November, 2017), based on a 
wide range of credibility intervals between dietary contributions (i.e., 4–7% at the 
lowest limits and 62–96% at highest limits) (Fig. 3.5B′). 
There was a significant difference in organ-specific isotopic enrichment in the 
target bivalves (Fig. 3.6). Gut tissue had distinctively depleted-δ15N values compared 
to those in the adductor and remaining parts for both bivalve species; however, δ13C 
was only significantly different in the gut tissue of M. veneriformis (p < 0.01). The 
mean δ15N value of the gut was smaller about 1.0‰ in M. veneriformis and 1.4‰ in 
C. sinensis, compared to those in the other tissues (adductor and remaining parts). 
The mean δ13C value of M. veneriformis was most depleted in gut (−18.2‰), and 
was significantly different to those in the adductor (−17.5‰) and remaining parts 
(−17.3‰) (Fig. 3.6A). The mean δ13C value in the gut (−19.0‰) of C. sinensis was 
also smaller than those in the adductor (−18.6‰) and remaining parts (−18.3‰), but 
these differences were not significant (p > 0.05) (Fig. 3.6B). 
The stable isotope values changed with size class (shell length) for M. 
veneriformis (Fig. 3.7). δ15N values in total soft tissues showed no relationship with 
shell length; however, δ15N of adductor and remaining tissues (excluding the gut) 
increased linearly with shell length (δ15N = 10.1 + 0.36 × shell length, R2 = 0.14, p < 
0.001). On average, the δ15N value of the largest size class (> 3 yr, n = 74) was 
slightly higher (+0.44‰) than that of the smallest class (< 1 yr, n = 11). δ13C values 
of M. veneriformis (excluding gut) increased as a function of shell length, rising 
exponentially to a maximum, with this relationship being highly correlated (δ13C = 
−1001 + 983.6 × (1 – 0.064shell length), R2 = 0.14, p < 0.001). The growth of M. 
veneriformis noticeably changed in relation to δ13C values during 1–1.5 yr cycle (age) 
in soft tissues. The mean δ13C value of the smallest class (< 1 yr, n = 11) was −20.4‰, 
and noticeably increased until a peak value of −17.2‰ reached (1.5–2 yr, n = 193) 










Fig. 3.4. Stable carbon and nitrogen isotopic compositions (δ13C and δ15N) of Mactra 
veneriformis and Cyclina sinensis at three locations: M. veneriformis 
collected from (A) DS, open coast and (B) YB, tidal flat on island; and C. 
sinensis collected from (C) SL, river mouth. The values of potential food 
sources [such as particulate organic matter (POM) and microphytobenthos 
(MPB)] represent total means with standard deviations (black line). The 









Fig. 3.5. (A) Seasonal values and total means of stable carbon and nitrogen isotopic 
compositions (δ13C and δ15N) in target bivalves Mactra veneriformis and 
Cyclina sinensis from 2015 to 2017, and (B) seasonal variation in stable 
isotopes between different size groups among the target bivalves, with 
potential food sources [such as particulate organic matter (POM) in seawater 
and freshwater, and microphytobenthos (MPB)] being collected in 2017. (B′) 
Seasonal proportions of each food source to M. veneriformis and C. sinensis 
collected in 2017. The two bivalves were separated into two size groups based 
on shell length. Each symbol for diet types shows the most likely value with 






















































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.6. Organ-specific values of stable carbon and nitrogen isotopic compositions 
(δ13C and δ15N) in Mactra veneriformis (left) and Cyclina sinensis (right). 
Soft tissues of the bivalves were separated into three organs: adductor (grey 
square), gut (yellow triangle), and remaining parts (light blue circle). Each 











Fig. 3.7. Stable carbon and nitrogen isotopic compositions (δ13C and δ15N) of Mactra 
veneriformis in relation to shell length as a function of adductor and remaining 
parts (i.e., organ-specific relationship). Value of gut tissues was excluded for 
fitting the curve. Each value represents the mean of individuals sampled at 
different times (*The age of M. veneriformis was estimated based on the 
growth curve for shell length by von Bertalanffy's equation following Kim 







The present study revealed that freshwater POM in the closed Geum River 
estuary, where freshwater input is artificially controlled by a sea dike, is barely 
linked to the trophic status of benthic consumers on the outer tidal flats. Large 
seasonal variation in the isotopic signature of freshwater POM was detected in the 
Geum River estuary. Thus, different process likely influenced δ13C and δ15N values 
of POM in the freshwater area compared to the seawater area (Fig. 3.2B). The dike 
has geographically isolated the Geum River from the seawater ecosystem, resulting 
in the freshwater area being more strongly influenced by terrestrial nutrient input 
from upstream. High δ15N enrichment of freshwater POM is mainly influenced by 
the denitrification process of isotopic fractionation during the microbial 
transformation and phytoplanktonic assimilation of nitrogen under eutrophic 
conditions (Owens, 1988; Hadas et al., 2009; Gu, 2009). δ15N was depleted in 
freshwater POM during June and July of 2016 and August of 2017, possibly a result 
of N2-fixing cyanobacteria blooms under hypereutrophic conditions (Gu et al., 1996). 
Indeed, during the summer (July to September) of 2016 and 2017, relatively great 
concentration of Chl-a (57.7 ± 26.1 mg/L) and cyanobacteria blooms (up to 50 K 
cells/mL) were observed in the Geum River upstream (WEIS, 2019). Increased POM 
δ13C in August, 2016 might reflect lower isotopic fractionation during carbon 
fixation when dissolved CO2 decreased, because of increased temperature and highly 
photosynthetic conditions (Berman-Frank et al., 1998). The isotopic signatures of 
marine macrobenthos (especially bivalves as filter feeders) in the Geum River 
estuary provided no evidence for freshwater POM being a major food source for 
upper trophic levels, even when intermittent discharges occurred. Ultimately, the 
discrepancy in the isotopic signature of POM between the areas inside and outside 
the sea dike indicated that the “closed freshwater area” in the Geum River estuary is 
now more close to an isolated lake ecosystem, rather than free-flowing river. 
The feeding pathway of filter feeders derives from various potential food 
sources, including SOM, phytogenic detritus, riverine and pelagic suspended matter, 
and resuspended particulate matter etc. Consequently, this variety could lead to 
highly complicated dietary contributions as demonstrated by the stable isotopic 
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compositions. However, the flow of freshwater in the Geum River estuary is almost 
negligible, with extensive tidal flats being developed without saltmarshes, 
mangroves, or other vegetation and macroalgal communities. Therefore, the main 
food sources of filter feeders seemed to be limited with respect to pelagic and benthic 
sources, resulting two distinct groups existing, i.e., seawater POM and MPB (Table 
3.1). The mean δ13C values of seawater POM and MPB were similar to those 
obtained by previous studies, ranging from −24 to −18‰ in seawater POM and −20 
to −13‰ in MPB (Fig. 3.8). Although seawater POM and MPB had overlapping 
δ15N values, δ13C values were distinct; thus, the isotope biplot of δ13C and δ15N 
distinguished these primary producers (Fig. 3.3). 
TEF is generally required to determine the food sources of consumers; 
however, ideally species-specific values must be applied, even though few studies 
are available (Post, 2002; Dubois et al., 2007). In the same manner, our results 
showed that the δ15N of bivalves, as primary consumers, was ~5‰ greater compared 
to those of primary producers (seawater POM and MPB). This value exceeded the 
documented magnitude (3.4 ± 1.0‰, Post, 2002) of isotopic fractionation between 
consumers and their prey. The isotope signatures of POM of >200 μm in size might 
be the result of zooplankton preying on seawater POM and/or MPB. The scavenger 
sea-snail, N. livescens, had a relatively enriched isotopic signature, possibly because 
it consumes the carcasses of benthic animals. Consequently, this species obtained a 
highly enriched source of carbon and nitrogen (Heinrich, 1988). The carnivorous 
seasnails, N. didyma and R. venosa, had TLs of 2.6 and 2.4, respectively. These 
values indicated that they generally preyed on M. veneriformis (TL = 1.8–2.0); thus 
a TEF of <3‰ was assumed. Crustacea had a wide range of isotope signatures due 
to a great diversity of feeding types. The carnivorous mantis-shrimp, Squilla oratoria, 
occupied the highest position (14.6‰ in mean δ15N, TL = 2.8) for crustaceans. In 
comparison, U. major was a filter feeder that mainly fed on seawater POM and MPB, 
and had a similar isotopic signature to the bivalves. 
Hemigrapsus penicillatus (an omnivore that incorporates 13C-enriched 
materials) and Callianassa japonica (deposit feeder) had similar isotope signatures, 
suggesting that both were likely to utilize similar food sources although they employ 
different feeding strategies (Kang et al., 2015). M. japonicus is a consumer that 
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incorporates 13C-enriched materials and exhibited the widest range of isotope 
signatures because it used a variety of food sources from the sediment surface 
(Yokoyama et al., 2005a). The carnivorous Osteichthyes, S. hasta and T. 
trigonocephalus, had the greatest δ15N values among the marine species, 
representing the top predators in the outside of the dike. While the most enriched 
δ15N values were observed for two freshwater crustaceans, P. paucidens and E. 
sinensis, in the inside of the dike. Overall, this trophic pathway from primary 
producers to primary and secondary consumers was well-characterized as a trophic 
cascade in the benthic food web structure in the Geum River estuary (Fig. 3.3). 
Several studies on food webs in tidal flat ecosystems have demonstrated 
spatiotemporal variations in the δ13C and δ15N values of macrobenthos because the 
pelagic and benthic contributions of potential food sources vary among species 
and/or habitat (Galvan et al., 2008). Therefore, we initially hypothesized that if the 
oceanographic setting of the sampling locations followed a salinity gradient (i.e., 
along the estuary, including locations at a far distance (DS) and near to the river 
mouth (YB and SL)), the contribution of potential food sources of the target bivalves 
(M. veneriformis and C. sinensis) close to river mouth would be more influenced by 
riverine organic matter. However, the riverine input did not supply enough dietary 
items under the closed conditions. Despite this, we detected significant spatial 
differences in δ13C values when comparing the three intertidal sites: M. veneriformis 
collected in DS and YB, and C. sinensis collected in SL (Fig. 4). Of note, 
intraspecific variation associated to the feeding sources could be directly influenced 
by pelagic and/or benthic production, whereas interspecific variation was the result 
of selective feeding behavior (Kiorboe and Mohlenberg, 1981; Prins et al., 1991; 
Kang et al., 1999; Cognie et al., 2001; Rossi et al., 2004; Nadon & Himmelman, 
2006). Therefore, M. veneriformis individuals that were collected near the river 
mouth (YB) fed on more MPB compared to those collected from more distant coastal 
location (DS). Furthermore, C. sinensis selectively fed on more seawater POM 
compared to M. veneriformis in YB. 
The dietary components of M. veneriformis and C. sinensis collected from the 
Geum River estuary showed clear seasonal variation over a 1-year period in 2017 
(Fig. 3.5). MPB was the most important primary producer on the extensive bare 
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intertidal flat of the Geum River estuary. In particular, the diurnal production and 
resuspension of MPB provided a continuous food supply for non-(or lesser) motile 
invertebrates (De Jonge & Van Beuselom, 1995; Lucas et al., 2000; Page & Lastra, 
2003; Koh et al., 2006). Our results showed a seasonal dietary shift in the small-sized 
groups of both bivalves, associated with selective feeding on seawater POM and/or 
MPB. Although the smallest group of M. veneriformis (< 1 yr individuals collected 
in 1st winter, Fig. 3.4A) preferentially fed on seawater POM compared to MPB 
before reaching the next life stage (juvenile), the dietary contribution of MPB 
continuously accumulated over time (Kang et al., 2003, 2006). Interestingly, the 
large-sized group of M. veneriformis had the highest contribution of MPB during 
winter, which apparently corresponded to annual blooms of MPB in the intertidal 
flats from winter to early spring (Kwon et al., 2018). Over 50% to nearly 100% of 
carbon sources incorporated in the tissues of M. veneriformis and C. sinensis were 
derived from MPB. This active utilization was more prominent in the large-sized 
groups compared to the small-sized groups. The selective feeding strategies for 
growth (expressed by shell length) across seasons by the filter feeders studied here 
support previous studies, which demonstrated their ability to utilize nutritionally rich 
particles in quality or size during critical periods of growth and gamete production 
(Le Loc'h et al., 2008; Kang et al., 2009; Pernet et al., 2012; Kang et al., 2015). 
Further, isotopic variation was detected among organs and size classes, 
indicating that isotopic shifts between the tissues of consumers and their diets (i.e., 
TEF) differ between organ types, with temporal variation (Lorrain et al., 2002). The 
isotope values of M. veneriformis in lipid-free tissues exhibited near parity between 
the adductor and remaining parts (averagely 0.2‰ and 0.3‰ shifts in δ13C and δ15N, 
respectively). In comparison, the gut tissues had significantly smaller values of both 
δ13C and δ15N; thus, an organ-specific allocation strategy for nutrient storage might 
exist (Paulet et al., 2006). Available nutritional sources exhibited seasonal variation 
in pelagic and benthic dietary contributions (Fig. 3.5); thus, variation in δ13C and 
δ15N values observed in the tissues of each organ (Fig. 3.6) was probably induced 
from seasonal growth patterns in somatic and reproductive tissues in the Geum River 
estuary (Strohmeier et al., 2000; Kang et al., 2019). 
The positive correlation between the δ15N values of soft tissues and the shell 
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length (i.e., age) of M. veneriformis (Fig. 3.7) indicated shifts in diet through feeding 
of enriched-δ15N sources, possibly due to differences in foraging ability such as 
selective feeding, metabolic process, and discrimination factor. Nevertheless, for 
better understanding of the enriched-δ15N in bivalves, the δ15N of bulk tissue was 
corrected using δ15N of the source amino acid based trophic level removing 
variations of nitrogen trophic baseline, which is able to provide more accurate 
trophic information (Won et al., 2018). Juvenile bivalves have a small inhalant 
siphon that restricts their ability to consume fine particles, whereas adult individuals 
have larger siphons and can feed on a wider range of prey (Aya and Kudo, 2017). 
Our data supported this assumption, in that large-sized groups had a wider range of 
dietary contributions (for M. veneriformis and C. sinensis) compared to small-sized 
groups of M. veneriformis (Fig. 3.5B). 
In contrast to the linear relationship for δ15N enrichment, the relationship 
between the δ13C values of soft tissues and the shell length of M. veneriformis 
showed an exponential increase that peaked at 1.5 years old (Fig. 3.7). Ryou and 
Chung (1995) reported that, after recruitment in June to July, spats (mean size: 250–
350 μm) of M. veneriformis could reach to ~2.4 cm shell length after 160 d; however, 
there was no growth during winter (December to March). Therefore, the relatively 
depleted-δ13C values of the <1 yr group (mean 2.1 cm shell length) of M. 
veneriformis reflected rapid growth from summer to winter and the dietary 
contributions of the items that they fed on at that time. This phenomenon was 
followed by the subsequent enrichment of δ13C values during the growing season. 
This finding clearly showed an age-related dietary shift from seawater POM to MPB, 
further supporting previous studies in that the seasonality of MPB determines the 
growth and reproduction of intertidal invertebrates (Fry & Sherr, 1984; Herman et 
al., 2000; Page & Lasta 2003; Kang et al., 2006; Grippo et al., 2011; Kang et al., 
2015; Christianen et al., 2017). 
The present study investigated the structure of benthic food web in the Geum 
River estuary and identified the main food sources for two dominant bivalves of M. 
veneriformis and C. sinensis, which are major fishery resources in the local area. In 
general, our results confirmed that prolonged geographical isolation of the Geum 
River estuary by a sea dike might have hindered natural distributions of dietary 
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organic matters to intertidal marine organisms inhabiting outer open coastal tidal 
flats. The results showed that MPB was found to be the most important food source 
for primary consumers, with the riverine input of organic sources to the seawater 
ecosystem being interrupted by the dike. Thus, the irregular (or lagged) terrestrial 
input of riverine POM was found to be lesser associated with trophic status of benthic 
consumers on tidal flats. Further our results provided isotopic evidence for the organ-
specific allocation of nutrients, as well as growth-related dietary shifts by bivalves. 
Overall, the stable isotopic analysis was powerful to address natural and/or 
anthropogenic influences of altered environmental condition towards understanding 











Fig. 3.8. Range of stable carbon isotopic compositions (δ13C) for organic inputs to 
coastal environments; terrestrial plants, mangroves, particulate organic matter 
(POM), microphytobenthos (MPB), and sediment organic matter (SOM) (data 
compiled from this study; Page 1997; Kang et al. 2003; Lamb et al. 2006; 










Influence of the artificial reef installation  

















   
This chapter has been published in Marine Pollution Bulletin. 
Noh, J., Ryu, J., Lee, D., Khim, J.S., 2017. Distribution characteristics of the fish 
assemblages to varying environmental conditions in artificial reefs of the Jeju Island, 






Globally, coastal ecosystems are being destroyed by various natural and 
anthropogenic threats, including habitat destruction, climate change, over 
exploitation, pollution, waterfront development, erosion, natural disaster, 
eutrophication, invasive species, tourism, and marine litter. In turn, these issues are 
causing the loss of economically important fisheries resources (Lundin and Linden, 
1993; Jackson et al., 2001; Goudie, 2006; Worm et al., 2006; Lebata-Ramos and 
Doyola-Solis, 2016). As part of efforts to restore fishery resources and recover 
damaged coastal ecosystems, artificial reefs are often deployed on the sea floor to 
provide new habitats for marine organisms (Collins et al., 1990; Jensen et al., 1994; 
Steimle et al., 2002; Fang et al., 2013; Leitão, 2013; Lowry et al., 2014). Since 1972, 
artificial reefs have been gradually deployed along the coastal area of Korea, with 
the areas covered by such reefs expanding in the 1990s (Fig. 4.1). In 2004, an annual 
monitoring program was officially launched to manage these reefs effectively by the 
Korean government. 
The positive effects of artificial reefs on the fish community are well 
documented in coastal areas (Bohnsack and Sutherland, 1985; Bombace et al., 1994; 
dosSantos et al., 2010). A number of studies have conducted post-deployment 
observations of the marine ecosystem surrounding artificial reefs. However, the 
effects of artificial reefs, considering also negative influences, on specific fish 
assemblages have been rarely studied. Furthermore, science-based policy studies on 
the management of such reefs are also limited (Pratt, 1994; Jensen, 2002; Claudet et 
al., 2004). Artificial reefs do not warrant the direct enhancement of fish community 
at all times, and thus it is necessary to delve into finding the specific responses of 
fish species to artificial reefs deployment. Most studies assessing how the fish 
community interacts with the material that forms artificial reefs a wide spectrum of 
species in various scales (Sherman et al., 2002; Jordan et al., 2005; Hackradt et al., 
2011). Nevertheless, studies at the regional scale remain limited due to a lack of 
long-term monitoring data. 
Many statistical techniques have been proposed and applied to interpret the 
relationship between environments and organisms. For example, non-metric 
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multidimensional scaling (NMDS) produces ordinations of objects from any matrix, 
and it is a frequently used approach to understand how marine organisms are 
associated with environmental conditions (Mueter and Norcross, 2002; Nobriga et 
al., 2005; Habit et al., 2007; Bennett and Kozak, 2015). Another technique is 
indicator value (IndVal) analysis, which was proposed by Dufrêne and Legendre 
(1997), and is considered to be a simple and intuitive method for assessing indicator 
species within a certain group (Table 4.1). Several studies have successfully applied 
IndVal analysis to select representative fish species in marine environments 
(Penczak, 2009; Lasne et al., 2007; Sirot et al., 2015). 
In the present study, we collected meta-data on environmental parameters and 
the fish community at control sites and artificial reefs along the coastal area of the 
Jeju Island, Korea. We then used both statistical techniques (NMDS and IndVal 
analyses) to characterize the relationship between artificial reef environments and 
fish community responses. We also used these methods to identify indicator fish 
species of specific habitat conditions at the regional scale. In brief, we 1) compared 
fish species and individuals between control sites and artificial reefs with different 
spatial environmental conditions to characterize the environmental conditions that 
contribute to establishing the fish community in artificial reefs, 2) identified relevant 
indicator species for the specific environmental conditions of artificial reefs, 3) 
assessed potential negative impacts following installation of artificial reefs, and 4) 











Fig. 4.1. Map of the study area around Jeju Island, Korea showing the sampling sites, 
artificial reef structure, and a brief history and of artificial reef deployment, 
since 1972. The meta-data analyzed in this study were collected from 5 years 
























































































































































































































































































































































































































































































































4.2. Materials and Methods 
 
4.2.1. Study area 
 
Jeju Island is located about 100 km off the southwest of the Korean peninsula 
(126° 08´ ~ 58´ E; 33° 06´~ 34° 00´ N), while Chuja Island is located about 48 km 
north of Jeju Island (126° 19´ E; 33° 56´ N) (Fig. 1). A total of 231,000 modules of 
artificial reefs, mostly made of concrete and steel, have been deployed along 34,474 
ha coastal area around the Jeju and Chuja islands from 1972 to 2014 (FIRA, 2014). 
These reefs were deployed at seafloor depth ranges of 10 to 50 m at Jeju Island and 
5 to 48 m at Chuja Island (averaging 25 m). Several reef blocks were deployed at 
once to form a community set. Various shapes of blocks were used, such as 
quadrilateral, box, cylinder, cone, and pyramid types. The number of quadrilateral 
and box types were predominant. This study used a set of environmental and fish 
sampling data collected from annual surveys (2007-2011) around the Jeju Island, 




4.2.2. Data collection and sampling methodology 
 
Since the mid-2000s, annual monitoring surveys have been conducted in the 
artificial reefs along the coasts of Jeju and Chuja islands by the Korea Fisheries 
Resources Agency. Collectively, a total of 110 artificial reefs and 81 control sites 
were analyzed between 2007 and 2011 (5 annual reports) in this study; 16 reefs in 
March of 2007, 11 reefs from March to August of 2008, eight reefs in October of 
2009, 13 reefs from May to September of 2010, and 14 artificial reefs from July to 
October of 2011 (refer to Supplementary Information in Noh et al., 2017). The 
control sites were located adjacent to artificial reefs with comparable conditions 
except for the absence of reefs. The locations of the artificial reefs and control sites 
were recorded using a global positioning system with a WGS84 of coordinate system.  
Dissolved oxygen, pH, salinity, and water temperature, were measured in situ 
using a YSI 650 multi-Parameter Display System (YSI Inc., Yellow Springs, OH, 
USA) at each site. Fish sampling was conducted using four trammel nets that were 
25 min length and 3 m in high from 2007 to 2010, and three gill nets that were 50 m 
in length and 3 m in height during 2011. The nets were set once at each site for 12 h 
after sunset. Fifty fish traps were also used in 2011. These traps were placed at 2 m 
intervals in each site. Sampled fishes were identified and counted to the species level. 




4.2.3. Data analysis 
 
Environmental variables included seafloor depth, pH, dissolved oxygen, 
salinity, water temperature, artificial reef material, and habitat type on which 
artificial reefs were deployed. Three environmental variables (water temperature, 
artificial reef materials, and bottom habitat) were compared to the fish community 
(species, individuals, and dominant species) and ecological indices at the control 
sites (n = 81) and artificial reefs (n = 110). Control sites and artificial reefs were sub-
classified with seven independent environmental sub-groups; specifically: two water 
temperature groups (low temperature from March to May and high temperature from 
July to October), two artificial reef material groups (steel and concrete artificial 
reefs), and three bottom habitat groups (sandy, sand-rocky, and rocky seafloor). 
The fish species and individuals present in artificial reefs were classified in 
relation to the various combinations of water temperature, artificial reef material and 
bottom habitat, producing 11 combinations. Three ecological indices of the fish 
community were calculated, including Shannon-Weaver diversity (H′, Shannon and 
Weaver, 1949), Pielou’s evenness (J, Pielou, 1966), and Margalef’s richness (R, 
Margalef, 1958). These indices were separated into the seven environmental sub-
groups. The fish community data were used to designate trophic groups, with diet 
being taken into consideration (Micheli and Halpern, 2005; Halpern and Floeter, 
2008; Hackrdt and Félix-Hackradt, 2009). Each species was assigned to one of six 
designated trophic groups; namely 1) macrocanivores (MCAR), 2) benthic 
invertivores/cleaners (BINV), 3) sand invertivores (SAND), 4) planktivores 
(PLAN), 5) general omnivores (OMNI), and 6) piscivores (PISC) (Table 4.1). 
However, the PISC group was excluded from fish community analysis because of 
lack of their occurrence. 
NMDS was used to explore the similarities in trophic group composition 
between the control sites and artificial reefs. The similarity matrix for NMDS was 
calculated using the Bray-Curtis coefficient, based on fourth-root transformed 
abundance data (Field et al., 1982) using PRIMER software (Clarke and Gorley, 
2006). To find indicator species of different habitats under the specific environmental 
conditions of the artificial reefs, indicator value (IndVal) analysis (Dufrêne and 
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Legendre, 1997) was conducted. The IndVal index was calculated as (Eq. 8): 
 
IndValij = Aij × Bij × 100                                         (8) 
 
where, Aij was specificity (i.e., the proportion of individuals of species i that were in 
class j), and Bij was fidelity (i.e. the proportion of sites in class j that contained 
species i). The ecological indices and IndVal index were calculated using free-






4.3.1. Control sites vs. artificial reefs in the fish community 
 
The fish community was categorized in relation to three major environmental 
conditions for control sites and artificial reefs. Interestingly, more fish species were 
consistently found at artificial reefs compared to control sites for all three cases, 
including seven sub-groups (Table 4.2). In addition, more individuals were detected 
in artificial reefs compared to control sites, with twice as many more individuals 
being detected in the rocky bottom habitat. There were no significant differences in 
overall environmental characteristics between control sites and artificial reefs across 
the seven sub-groups, except for water temperature. Small variation was detected in 
the number of species among sub-groups, artificial reef materials (steel vs. concrete), 
and bottom habitats (sandy vs. sand-rocky vs. rocky). In contrast, major significant 
differences were detected for the mean number of species between low and high 
temperature sub-groups. 
A total of 136 fish species and 2,985 individuals were recorded at control sites 
(90 species, 1011 individuals) and artificial reefs (122 species, 1974 individuals) 
combined. Out of these, 18 dominant species (>2% occurrence) were listed (Table 
4.2). Four fish species represented >10% of total individuals in the community; 
namely, Scyliorhinus torazame (Cloudy catshark), Stephanolepis cirrhifer 
(Threadsail filefish), Sebastiscus marmoratus (False kelpfish), and Pseudolabrus 
sieboldi (Bambooleaf wrasse). It was difficult to identify certain dominant species 
under certain habitat conditions. However, dominant species were detected with 
respect to trophic characteristics. For example, macrocarnivores and benthic 
invertivores/cleaners primarily assembled in artificial reefs compared to control 
sites. Sand invertivores were more frequently observed in sandy bottoms compared 
to rocky bottoms (Fig. 4.2). 
The occurrence frequency of species across the artificial reefs showed that, 
six dominant species were detected at all sites around Jeju Island; namely, S. 
marmoratus, S. cirrhifer, Chaetodontoplus septentrionalis (Blueline angelfish), 
Choerodon azurio (Scarbreast tuskfish), Zeus faber (John Dory), and Microcanthus 
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strigatus (Stripey fish). The most common species were S. marmoratus and S. 
cirrhifer, accounting for>50% (sum of both species) individuals of all dominant 
fishes (Fig. 4.3). These dominant species occurred more frequently in artificial reefs 
compared to control sites, except for steel reefs (Fig. 4.3B). NMDS showed that the 
trophic group composition of the fish community was clearly segregated with respect 
to variation in water temperature. The trophic groups in the artificial reefs were 
separated into two clear groups (bottom insets of Fig. 4.4A) in comparison to a mixed 
pattern at control sites. Yet, there were no significant differences between control 
sites and artificial reefs for any of the other environmental conditions (viz., reef 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 4.2. Number of fish species found at control sites (n = 81) and artificial reefs (n 
= 110), on average, with respect to three major environmental condition 
groups (A) water temperature, (B) artificial reef material, and (C) bottom 
habitat. The water temperature was sub-classified according to two seasons: 
low temperature from March to May and high temperature from July to 
October. The artificial reef material was sub-classified into two materials: 
concrete and steel. The bottom habitats ware sub-classified into three 
sediment types: sandy, sand-rocky, and rocky. Fish communities were 
classified into five trophic groups reflecting feeding and settlement behaviors 
(macrocarnivores, benthic invertivores/cleaners, sand invertivores, 








Fig. 4.3. Number of individuals of dominant fish that were recorded at all sites, on 
average, control sites (n = 81) and artificial reefs (n = 110) in relation to the 
three major environmental condition groups (A) water temperature, (B) 
artificial reef materials, and (C) bottom habitats. Six dominant fishes were 
detected at all sites. The water temperature was sub-classified according to 
two seasons: low temperature from March to May and high temperature from 
July to October. The artificial reef material was sub-classified into two 
materials: concrete and steel. The bottom habitat was sub-classified into three 










Fig. 4.4. Non-metric multidimensional scaling (NMDS) ordination with respect to 
the trophic group composition of fishes at the control sites and artificial reefs. 
The colored dots in plots represent the three major environmental condition 
groups: (A) water temperature, (B) artificial reef material, and (C) bottom 
habitat on which artificial reefs were deployed. The water temperature was 
sub-classified according to two seasons: low temperature from March to May 
and high temperature from July to October. The artificial reef material was 
subclassified into two materials: concrete and steel. The bottom habitat was 





4.3.2. Habitat preferences of the fish community 
 
Artificial reefs were classified by environmental condition groups (viz., water 
temperature, artificial reef material, and bottom habitat), producing 11 sub-groups. 
These 11 groups were assessed with respect to the environmental parameters and 
fish community data (including the number of species, number of individuals, and 
composition of dominant species) (Table 4.3). To determine the habitat preference 
of the fish community in artificial reefs, the environmental condition groups were 
rearranged in relation to the mean number of individuals (Fig. 4.5). This grouping 
successfully separated the associated environmental conditions, with water 
temperature being the dominant condition, supporting NMDS result. The next 
separation was attributed to reef material, with the fish community preferring 
concrete over steel, in general. The final associated condition was bottom habitat 
type, with the number of individuals decreasing from sandy to rocky bottoms. 
Overall, when excluding the effect of seasonal temperature, concrete artificial reefs 
deployed on sandy or sand-rocky bottom were more attractive to fish, particularly 
macrocarnivores, around Jeju Island.  
The IndVal analysis identified a total of eight indicator species (p < 0.1) that 
corresponded to the specific environmental condition groups in artificial reefs (Table 
4.4). Indicator species representing specific environments with low water 
temperature were Dasyatis akajei (Red stingray) for steel reefs on sandy bottoms, 
Sebastes schlegelii (Korean rockfish) for concrete reefs on sandy bottoms, and 
Parupeneus spilurus (Blackspot goatfish) for concrete reefs on rocky bottoms. At 
high water temperatures, Okamejei acutispina (Sharpspine skate) and Narke 
japonica (Japanese sleeper ray) represented steel reefs on sandy bottoms, P. 
sieboldifor for steel concrete on rocky bottoms, and Pagrus major (Red seabream) 




Furthermore, the association between the environmental condition groups and 
the fish community was characterized by the degree of similarity in the composition 
of dominant species. NMDS ordination was used to calculate the geometric mean 
(set as max. of 1.0) of Bray-Curtis similarities for each environmental condition 
group, which produced two distinct patterns; namely, a congregated pattern (pattern 
1: mean Bray-Curtis similarity ≥ 0.7) and a scattered pattern (pattern 2: mean Bray-
Curtis similarity < 0.7). Six environmental condition groups belonging to the 
congregated group (pattern 1) were further grouped into three typical habitats; 
namely, 1) high-concrete-sandy, 2) steel-sandy, and 3) rocky bottom (Fig. 4.6). The 
Bray-Curtis similarity analysis indicated that the rocky bottom habitat was the most 
important environmental condition, with indicator species including P. sieboldi and 
P. spilurus, regardless of water temperature and reef material. Next, steel and sandy 
conditions also contained a typical fish community, with the composition not being 
primarily influenced by water temperature. However, the similarity of the fish 
community under concrete and sandy condition might have been influenced by water 
temperature to a certain degree. There were two species (S. cirrhifer and S. 
marmoratus) common to artificial reefs, regardless of environmental conditions; 
thus, these species could not be considered as indicator species, but were considered 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 4.6. Illustration of the fish community in the artificial reefs of Jeju Island based 
on non-metric multidimensional scaling (NMDS) and Bray-Curtis similarity 
(given as geometric mean) of the environmental condition groups. Indicator 
fish species were selected for each specific habitat from IndVal analysis and 
were overlapped on the NMDS plot. The commonly occurring species were 
the most prevalent, accounting for >50% individuals of dominant fishes at all 
control sites and artificial reefs. The environmental condition groups were 
classified according to two distributional patterns in the mean Bray-Curtis 
similarities (B.S.): congregated (pattern 1, B.S. > 0.7) and scattered (pattern 
2, B.S. ≤ 0.7). 
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4.3.3. Potential impacts driven by artificial reef installation 
 
ARs are usually deployed on bottom habitat where natural reefs are limited, 
and expected to enhance secondary production (Bohnsack and Sutherland, 1985; 
Derbyshire, 2006). Out of the various combinations of ARs conditions, the concrete 
reefs deployed on sandy bottom were found to be more efficient at attracting fish 
compared to steel or rocky bottom reefs (Fig. 4.5). This difference might be due to 
the structural similarity between concrete reefs and natural reefs. Previous studies 
showed that sessile organisms colonized concrete reefs in a similar way to natural 
reefs (Fitzhardinge and Bailey-Brock, 1989). However, introducing artificial 
elements on the seafloor, it has to be careful because of adverse environmental 
effects such as secondary pollution and possible invasion of neobiota (London 
Convention and Protocol/ UNEP, 2009). 
Although positive effects on the installation of artificial reefs as recruitment 
of fish assemblages, potential negative effects were observed in the results of this 
study (Fig. 4.7). For example, the shifting of fish community on dominant groups 
was the most remarkable impact because of the introduction of artificial reefs. In 
particular, fish assemblages in natural habitat with sandy and/or sand-rock bottom 
showed that consist of predominant groups of rays (O. acutispina, N. japonica, D. 
akajei) and subdominant groups of snapper (P. major), eel (C. myriaster). However, 
after the installation of concrete reefs, the assemblages were changed into the 
snapper-dominant structure (Fig. 4.2 & Table 4.2). Moreover, some cases showed 
that relatively low effectiveness of artificial reef installation in the recruitment of 
fish assemblages. In general, steel reefs were relatively low-effective attraction to 
not only rocky-bottom-preferred fishes such as P. sieboldi and P. spilurus, but also 
rays. Such a trend observed in the case of concrete reefs installed on the rocky bottom. 







Fig. 4.7. Schematic illustration showing potential impacts of artificial reef 







The ecological effect of artificial reefs has been previously evaluated by 
comparing the species occurrence and abundance between artificial reefs and 
adjacent control sites (Bohnsack & Sutherland, 1985; Bombace et al., 1994; dos 
Santos et al., 2010; Lowry et al., 2014). This study is the first to provide scientific 
evidence supporting the effectiveness of the Jeju artificial reefs, following their 
construction and management since the mid-2000s. Our analyses showed that water 
temperature condition is a key factor controlling fish assemblages in artificial reefs 
(Fig. 4.2 & Fig. 4.3). Indeed, water temperature would be the key factor allowing 
artificial reefs to provide seasonal benefits to the fish community in terms of shelter, 
food resources, spawning habitat, and facilitating recruitment (Kojima, 1956; 
Yoshimuda & Fujii, 1982; Bohnsack & Sutherland, 1985; Johnson et al., 1994). 
Other environmental conditions (such as avoidance space, structural complexity, and 
surface traits etc.) are also important factors for creating sustainable fish 
communities in artificial reefs (Anderson et al., 1989; Charbonnel et al., 2002; 
Sherman et al., 2002; Jordan et al., 2005). The biological coverage of sessile 
organisms or invertebrates on the surface of artificial reefs might also provide 
potential food resources for fish assemblages (Relini et al., 1994; Perkol-Finkel & 
Benayahu, 2005). 
Previous studies on the fish community in artificial reefs were primarily 
limited to reporting species occurrence and taxonomic composition (Rooker et al., 
1997; Rilov & Benayahu, 1998; Gratwicke & Speight, 2005; Brotto et al., 2006). 
These limitations were due to the complexity of the fish community and a paucity of 
data linking habitat preference to controlling environmental factor(s). In the present 
study, we analyzed both the occurrence and abundance of fish community data, as 
well as trophic characteristics, to include feeding and settlement behaviors (Table 
4.2 and Table 4.3). The analysis of multiple indices of the fish community using the 
combined analyses of NMDS and IndVal allowed us to find spatial variations 
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between control sites and artificial reefs (Table 4.3, Fig. 4.4, & Fig. 4.5). The very 
strategy also aided to determine the habitat preferences of specific fish and trophic 
groups (Fig. 4.6). 
Artificial reefs are usually deployed on bottom habitat where natural reefs are 
limited, and expected to enhance secondary production (Bohnsack et al., 1985; 
Derbyshire, 2006). Out of the various combinations of artificial reefs conditions, the 
concrete reefs deployed on sandy bottom were found to be more efficient at attracting 
fish compared to steel or rocky bottom reefs (Table 4.2 and Fig. 4.5). This difference 
might be due to the structural similarity between concrete reefs and natural reefs. 
Previous studies showed that sessile organisms colonized concrete reefs in a similar 
way to natural reefs (Fitzhardinge & Bailey-Brock, 1989). 
Trophic group analysis provided a concise understanding of the huge number 
of fish species occupying the artificial reefs of the Jeju Island. This analysis showed 
the habitat preference of artificial reef fishes. It also helped us to understand the 
feeding- and settlement-associated behaviors of certain fish species. For example, 
macrocarnivores and benthic invertivores/cleaners showed greater abundance and 
more stable populations in artificial reefs compared to control sites (Fig. 4.2). These 
groups appeared to aggregate successfully with existing scattered individuals, or 
promoted secondary biomass production, due to increased food sources. However, it 
should be noted that the proportion of trophic groups between control sites and 
artificial reefs did not greatly differ from each other, which indicated that artificial 
reefs well recovered the natural habitat conditions as a whole. Specific habitat 
preference of the trophic groups to environmental conditions surrounding artificial 
reefs would not be necessarily warranted in situ, thus providing of combined 
environmental conditions facilitating fish diversity and abundance would be 
recommended. 
The integrated analysis of IndVal with NMDS ordination generated spatial 
occupation patterns of specific indicator species in the artificial reefs. Although, 
some species (such as S. marmoratus and S. cirrhifer) were widely distributed 
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species cross all control sites and artificial reefs (Fig. 4.3), some species represented 
characteristics of distinct indicator species, particularly with respect to the way in 
which they congregated. Interestingly, three representative environmental groups of 
artificial reefs (rocky bottoms, steel reefs on sandy bottoms, and concrete reefs on 
sandy bottoms with high temperature) provided similar habitat for specific trophic 
fish groups; namely, macrocarnivores, sand invertivores, and benthic 
invertivores/cleaners, respectively (Fig. 4.6). Two trophic groups had the potential 
to obtain food sources from sessile organisms and invertebrates on and around 
artificial reefs. Sand invertivores (such as O. acutispina, N. japonica and D. akajei) 
were indicator species for steel reefs on sandy bottoms. These species are relatively 
flat, like stingrays, and burrowing into the sandy bottom to escape from predators or 
to hunt prey. Thus, the softness of the bottom habitat (viz., sandy) attracts this 
community more than reef material. 
For sustainable artificial reef management, the side effects of artificial reef 
facilities should also not be overlooked. The side effects of the artificial reefs in this 
study were the change of fish community structure and the low effectiveness (Fig. 
4.7). In particular, artificial reefs in sandy habitats (if there are rich in stingray fish 
populations), need to take special care because the installation of artificial reef 
significantly could be altered the fish community composition. In addition, the 
facilities of artificial reefs in the rock area have been relatively ineffective on fishery 
enhancement because the artificial reefs are also hard structures like the natural 
rocky bottom. Therefore, for a more sustainable and efficient artificial reef 
management, it is important to consider the qualitative aspects of the ecosystem 
rather than just the logic of quantity. 
Overall, the spatial variation in fish species found in artificial reefs strongly 
reflected their habitat preferences with respect to available prey sources and/or 
settlement suitability. This type of direct association between the fish community 
and artificial reefs conditions should be carefully considered when designing and 
managing the artificial reefs of the Jeju Island, and elsewhere, promoting science-
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based policy implementation. Post-monitoring efforts on the management of 
artificial reefs should be conducted in a targeted manner, because fish species exhibit 
both general and specific habitat preferences, depending on the varying 










Influences of the OSA formation in marine environment: 
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In December 2007, the Hebei Spirit Oil Spill (HSOS) that occurred 10 km off 
the coast of Taean in Korea, released approximately 10,800 tonnes of crude oil into 
the sea and eventually damaged entire marine ecosystems (KCG, 2008; Kim et al., 
2010). Recovery of the marine environment from this oil spill took over five years 
to return to baseline conditions of water and sediment quality (Hong et al.,2014). To 
date, it is still debatable whether recovery of the benthic community in the area is 
complete. 
PAHs are omnipresent contaminants in marine environments. In fact, 
pyrogenic PAHs are commonly found in marine organisms. Petrogenic PAHs, which 
originate from crude oil, contain a wide range of alkylated derivatives. Thus, it is not 
surprising that marine organisms exposed to oil spills contain significant 
concentrations of both PAHs and alkylated PAHs (Soriano et al., 2006; Uno et al., 
2010; Sammarco et al., 2013). Lower molecular mass (LMM) PAHs, such as 
naphthalene and its alkylated groups dominate the PAHs of Iranian heavy crude 
(IHC) oil, followed by the another group of LMM PAHs including dibenzothiophene, 
phenanthrene, and fluorene, and then by relatively minor components representing 
higher molecular mass (HMM) PAHs, such as chrysene and other HMM PAHs 
(Hong et al., 2015). HMM PAHs are particularly hazardous because they have 
greater toxic potencies and are also carcinogenic to humans and wildlife and often 
degrade quite slowly.  
PAHs are transformed primarily by microbes, which play an essential role in 
degrading spilled oils and/or residues. In fact, a number of bacterial taxa can 
decompose a wide variety of hydrocarbons and those taxa can reproduce rapidly in 
oiled environments (Röling et al., 2004; Hazen et al, 2010; Redmond & Valentine, 
2012; Valentine et al., 2012; Hazen et al., 2016). Thus, microbial communities could 
be used to effectively and economically bioremediate environments contaminated 
by oil (Duran & Cravo-Laureau, 2016). 
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Suspended particulate matters (SPM) have been recognized as vectors for 
transport of oil from one environment to another and to affect accumulation by 
marine organisms. Oil and a variety of SPMs bind together in seawater, to form 
oil−SPM aggregate (OSA), which is known to affect dispersions of spilled oil and 
degradation of petroleum hydrocarbons (Muschenheim & Lee, 2002; Owens & Lee, 
2003; Gong et al., 2014; Boglaienko & Tansel, 2016). In addition to being called 
OSAs, previous studies have referred to these aggregates of oil and SPM as 
oil−mineral aggregates, or oil−particle aggregates (Stoffyn-Egli & Lee, 2002; 
Ajijolaiya et al., 2006; Sun & Zheng, 2009; Sun et al, 2014; Gustitus & Clement, 
2017). In areas where SPMs are prevalent, OSAs form naturally (Sun et al, 2014). 
Due to their lesser viscosities, OSAs are not as adhesive to seashore habitats as is 
crude oil. This is because oil droplets originating from spills usually become coated 
with fine, nonsticky organic particles as oil disperses. This type of aggregation 
enhances biodegradation because aggregates significantly increase oil−water contact 
areas, which maximizes accessibility of hydrocarbon-degrading bacteria and fungi 
to oil (Lee et al., 1996; Weise et al., 1999; Silva et al, 2015). Furthermore, by being 
nearly neutrally buoyant, OSAs can be easily dispersed away from the oil-
contaminated sites by tides and/or currents (Rios et al., 2017). Although 
characteristics of OSAs formed under various environmental conditions have been 
well studied (Stoffyn-Egli & Lee, 2002; Sun et al., 2010; Khelifa, 2012; Loh et al, 
2014), there have been few studies examining bioaccumulation and/or 
biodegradation of oil in the form of the OSAs, by microbial communities. In the 
present chapter, a laboratory mesocosm experiment was used to simulate a shallow, 
subtidal environment contaminated by chronic exposure to OSAs. Since this 
shellfish is commercially important worldwide and the very species prefer to inhabit 
in muddy tidal flat (Ryu et al., 2011) which has greater potential in OSAs formation 
compared to that in sandy areas, when exposed to the oil contaminated environment, 
the filter feeding bivalve, clam Mactra veneriformis was studied. Concentrations of 
PAHs in exposed animals, microbial communities, and other parameters were 
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monitored for 50 d because the spilled oil could last >30 days (KCG, 2008; Kim et 
al., 2010) and possibly OSAs could be formed and persist for longer periods of time. 
Specific objectives were to 1) evaluate bioaccumulation of PAHs into soft tissues of 
M. veneriformis chronically exposed to OSAs in the water column, 2) examine 
compound-specific patterns of bioaccumulation in clams targeting parent PAHs and 
alkylated PAHs, 3) identify specific constituents of microbial communities 
dominating an OSA-contaminated environment, and 4) assess how bioaccumulation 




5.2. Materials and Methods 
 
5.2.1. Experimental design 
 
OSAs were prepared by previously described methods (Gustitus & Clement, 
2017), with a slight modification (see details in Table 5.1). In brief, OSAs were 
prepared using 1 L (1000 g) of filtered seawater in a glass carboy, with 0.6 g of IHC 
oil, and 0.2 g of ground and sieved sediment (Φ < 20 μm). Sediments used were 
relatively enriched with greater organic matter (>6% loss on ignition). This enriched, 
dried sediment was mixed with seawater, and then IHC was added by use of 
precalibrated pipettes. A reciprocating shaker (set up at 170 rpm) in a temperature-
controlled room (18 ± 0.5 °C) was used to simulate mixing of the crude oil, sediment, 
and seawater. After 24 h, the carboy was allowed to stabilize for about 5 min, and 
then 700 mL of a mixture of OSAs and seawater was extracted using a faucet located 
at the bottom. The mixture was used for feeding materials of 300 and 600 mL, 
respectively, in OSAlow and OSAhigh treatments (Fig. 5.1). 
Individuals of the test organism, M. veneriformis (mollusks) were collected 
in June of 2016, from an intertidal mudflat off the west coast of Korea (36.095°N, 
126.613°E). After collection clams were immediately (within 4 h) transported to 
laboratory aquariums where they were acclimated to lab conditions for one month. 
For each OSA feeding experiment (described below), 40 clams (3.5 ± 0.5 mm shell 
length) were placed in experimental aquariums (40 × 40 × 30 cm), which were filled 
with sandy sediment (3 cm deep) and seawater (40 L). Clams were acclimated in 
aquariums for 2 days before the beginning of experiments. Seawater was filtered 
through 0.7 μm glass-fiber filters. Movement of water inside aquariums was 
maintained by use of a continuous-flow pipe attached to an air pump. During the 
experiment, salinity was maintained at 34 (±1.0) psu. To minimize the influence of 
organic carbon from exogenous sources, a sediment composed of cleaned and dried 
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sandy loam (<1 mm diameter; Samhangang INC., Incheon, KOR) was used; the 
details of sediment properties are given in Table 5.2 and Fig. 5.2. A water bath and 
cooler were used to maintain water temperature at 15 °C (Fig. 5.1A).  
The experiment consisted of three treatments with two replicates per 
treatment (Fig. 5.1B). Foods were chosen to cover two OSA concentrations 
reflecting that typical for marine water columns: 1) no OSA (Control), 2) moderate 
concentration OSA (OSAlow), and 3) high-concentration OSA (OSAhigh). Clams in 
the Control were fed 3.0 mL clam feed only, which consisted of mixed algae (dry 
weight 8%, Shellfish Diet 1800, Reed Mariculture Inc.) every 3 days. Clams in the 
OSAhigh treatment were fed 600 mL mixture of OSA and seawater every 3 days, 
while clams in the OSAlow were fed a combination of 300 mL mixture of OSA and 
seawater with 1.5 mL clam feed every 3 days to provide sufficient food. Just before 
feeding or water renewal, clams (n = 4) and about 3 g of sediment were sampled 
each day (Days 1, 2, 4, 7, 14, 30, 40, and 50). Seawater was renewed every 6 days 
until Day 30 and then every 12 days thereafter, when less than on half (n ≤ 20) clams 
remained. 
After clams (n = 4) were collected, their shells and guts were removed and 
only soft tissues were pooled and analyzed for PAHs. This was done to avoid bias of 
possible overestimation due to accumulated or preassimilated OSAs in shells or guts, 
respectively. Soft tissues were rinsed with distilled water, homogenized, and stored 
frozen at −20 °C until PAHs analysis. Samples of sediments were also stored frozen 
at −20 °C until the microbial community in sediments were analyzed. Subsamples 









Fig. 5.1. Schematic overview showing the study design of the OSAs feeding 
experiment. (A) Control and OSAs feeding treatments in constant temperature 
water bath. (B) Experimental flowchart with information on the feeding 
materials and interval, water renewal, and sampling time. Seawater, Iranian 
Heavy Crude oil, and fine sediment particles (<20 μm) were used for the 
preparation of OSAs mixture, the mixing ratio of 1000:0.6:0.2 in weight. The 





Table 5.1. Details for the preparation of OSAs. 
Schematic description of OSA preparation 
 
Water (➀)  Seawater/crude oil/sediment (➁) Vessel volume (➂) 
GF/F-filtrated seawater Weight ratio of 0.2:0.6:1000 >2 L carboy  
(volume for  
app. 700 mL of OSAs) 
Head space (➃) Mixing speed (➄) Mixing time (➅) 
>10% by volume 170 rpm (reciprocating shaker) 24 h 
Mixing condition (➆) Extraction (➇) Reference 
Sealed vessel, 
mixing in the dark, 
and at test temperature 
70% by volume from carboy 
(app. >80% of total OSAs) 





























































































































































































































Fig. 5.2. Total PAHs concentration in sediments. Blue line denotes Control treatment, 
green line denotes the OSAlow treatment, and red line denotes the OSAhigh 
treatment, the PAHs concentrations are found to be fairly consistent after the 
14 days and maintained at certain levels for the last period of experiments 




5.2.2. Laboratory analysis 
 
An aliquot of 1 g of thawed, soft tissues was extracted three times with 6 mL 
of DCM with sodium sulfate in a polypropylene tube. Four surrogate standards 
acenaphthene-d10, phenanthrene-d10, chrysene-d12, and perylene-d12 were added 
before extraction. Extracts were concentrated to 1 mL under a gentle stream of N2, 
then purified by passing it through ∼8 g silica gel (70−230 mesh size), and then 
eluted with 50 mL hexane/DCM mixture (80:20, v/v). Eluents were concentrated to 
1 mL with hexane using a rotary evaporator and a gentle stream of N2. It was then 
transferred into a GC vial for analysis. The OSA particles (∼25 mg obtained by 
glass-fiber filtering 1 mL of OSAs) and crude oil sample (0.2 g) were also extracted 
using the above methods. 
Concentrations of PAHs and alkylated PAHs were determined by use of an 
Agilent 7890A gas chromatograph equipped with a mass selective detector (Agilent 
Technologies, Santa Clara, CA) and analyzed in selected ion mode (GC/MSD-SIM) 
as described previously (Jonsson et al., 2004). 35 target analytes of PAHs were 
analyzed by GC/MSD and their acronyms were listed in Table 5.3 and details of 
instrument conditions for the analyses of PAHs and alkyl-PAHs are provided in 
Table 5.4. Concentrations and compositions of the 35 PAHs and alkyl-PAHs in the 
OSAs are given in Fig. 5.3. However, it should be noted that only 25 PAHs were 
detected and quantified in soft tissue of clams (Fig. 5.4 & Table 5.5). In order to 
characterize accumulation of specific PAHs by clams, observations for which (1) no 
apparent temporal accumulation over 50 days or (2) detectable concentrations of <30 
ng/g wet mass for LMM PAHs (Fluorene, Dibenzothiophene, and Phenenthrene) or 
<10 ng/g wm for HMM PAHs (Fluoranthene and Pyrene) were removed for further 
statistical analyses to discern the trends. Finally, 20 target PAHs were selected for 





 Microbial communities in sediments were characterized by extracting total 
genomic DNA by use of a PowerSoil DNA Isolation Kit (MoBio Laboratories, 
Solana Beach, CA). Libraries were constructed using the Illumina MiSeq Platform, 
with 16S, rRNA gene amplicons. The bacterial V3 and V4 regions of the 16S 
ribosomal gene were amplified by using Illumina primers and barcoded adapters. 
The sequence data were analyzed by using Quantitative Insights into Microbial 
Ecology (QIIME). Sequences were clustered into operational taxonomic units 
(OTUs) at a 97% identity threshold by use of the UCLUST algorithm (Edgar, 2010). 
Taxonomic information was assigned by aligning reads against data from the 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.4. GC/MSD conditions for the analyses of PAHs and alkylated PAHs. 
GC/MSD system Agilent 7890A GC and 5975C MSD 
Column DB-5MS  
(30 m long, 0.25 mm i.d., 0.25 μm film thickness) 
Gas flow 1 mL/min He 
Injection mode Splitless 
Injection volume 2 μL 
MS temperature 180 °C 
Detector temperature 230 °C 
Oven temperature 60 °C hold 2 min 
 Increase 6 °C/min to 300 °C 











Fig. 5.3. PAHs and alkylated PAHs in OSAs. (A) Relative composition of PAHs 
compounds in OSAs and (B) Concentrations of PAHs and alkylated PAHs in 







Fig. 5.4. Concentrations of 25 PAHs in soft tissue of clams, Mactra veneriformis, 
under (A) OSAlow feeding treatment and (B) OSAhigh feeding treatment. 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.2.3. Data analysis 
 
SPSS 23.0 (SPSS INC., Chicago, IL) and PRIMER software packages were 
used to perform statistical analyses (Clarke & Gorley, 2006). The Mann−Whitney 
U-test was used for comparison of replicates (n = 2) per treatment and results 
indicated that, there were no significant differences in total concentrations of PAHs 
among treatments of Control, OSAlow, and OSAhigh treatment (at p < 0.05) (Table 
5.6). Spearman rank correlation coefficient analysis (r) was used to investigate 
relationships among concentrations of the primary 20 PAHs in soft clam tissues 
(Table 5.7). Concentrations of selected PAHs were standardized to total 
concentrations of PAHs, then transformed by taking the square root, which resulted 
in data meeting the assumption of normality (Kolmogorov−Smirnov test; p > 0.05) 
because the combined data of OSAlow and OSAhigh treatments were used for 
following statistics, the assumption of homogeneity was not needed (Table 5.8). 
Subsequently, to evaluate bioaccumulation patterns, cluster analysis was performed 
by use of the Bray−Curtis similarity matrix (BCS). Next, the principal component 
analysis (PCA) was utilized to assess potential interactions between specific PAHs 
and bacterial communities at the level of phyla. Finally, the Shannon−Weaver index 




Table 5.6. Result of Mann-Whitney U-test for comparison of replicates (n = 2) per 
treatment in total PAHs. The replications of Control, OSAlow, and OSAhigh were 
tested. 
 Experimental treatment 
 Control OSAlow OSAhigh 
Mann-Whitney U 18.0 29.0 28.0 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5.8. Result of Kolmogorov-Smirnov normality test for concentrations of PAHs 
in soft tissue of clams, Mactra veneriformis, over the period of 50 days in OSAs 
feeding treatments (OSAlow and OSAhigh). The concentrations of 20 PAHs (refer to 
Table 5.5) were standardized by total, and root transformed before these test. 
Statistic degree of freedom p value 







5.3.1. Bioaccumulation of total PAHs by clams 
 
 Bioaccumulation of total PAHs (TPAH) in soft tissues of clam after 50 days 
of exposure, including LMM and HMM PAHs, was found to be similar between 
treatments of OSAlow and OSAhigh (Fig. 5.5A). For both treatments, concentrations 
of PAHs increased rapidly for 7 days, peaked at Day 30, and then declined until the 
end of the experiment on Day 50. Under OSAhigh treatment conditions, the peak of 
LMM PAHs (3.7 × 103 ng/g, wm) was observed on Day 30 and its concentration 
almost doubled compared to that on Day 14 (2.0 × 103 ng/g wm). In contrast, 
although the peak concentration of LMM PAHs in the OSAlow treatment on Day 14 
was 2.2 × 103 ng/g wm its concentration was similar to that on Day 30 (2.2 × 103 
ng/g, wm). Of note, peak concentrations of both LMM and HMM PAHs in the 
OSAhigh treatment were nearly twice compared to those of the corresponding PAHs 
concentrations in the OSAlow treatment. By the end of the experiment (Day 50), the 
concentration of LMM PAHs remaining in soft clam tissue under both OSA 
treatments had diminished to about half of their peak values. In contrast, in both 


























































































































5.3.2. Bioaccumulation characteristics of PAHs in clams 
 
In general, during the 50 days experiment, PAHs were accumulated to 
concentrations approximately twice those observed in the OSAhigh treatment than 
those observed in the OSAlow treatment (Fig. 5.5). Concentrations of 9-n-
propylfluorene (C3-Flu), 2-methyldibenzothio- 
phene (C1-Dbt), 2,4-dimethyldibenzothiophene (C2-Dbt), 2,4,7-trimethyld-
ibenzothiophene (C3-Dbt), 1,2,9-trimethylphenanthrene (C3-Phe), chrysene (Chr), 
3-methylchrysene (C1-Chr), 6-ethylchrysene (C2-Chr), and 1,3,6-trimethylchrysene 
(C3-Chr) all peaked on Day 30, and then decreased by >50% by the end of the 
experiment (Table 5.5). Among the measured PAHs, concentrations of C2- and C3-
Dbt in the OSAhigh treatment were the two greatest PAHs in clam tissues (738 and 
629 ng/g, respectively). The concentration of 1,6-dimethylphenanthrene (C2-Phe) in 
the OSAhigh treatment was accumulated continuously from Day 1 to 50 with the 
peak on Day 50 (496 ng/g) (Fig. 5.4). 
Spearman rank correlation analysis provided a more detailed signature 
relating to the pattern of accumulation among groups and/or individual PAHs (Table 
5.7). First, concentrations of all PAHs were positively correlated, except for 
naphthalene (Nap) (negative correlations prevailed). Second, C1-Dbt and C2-Chr 
were most widely correlated among unsubstituted PAHs. Third, within PAHs 
homologue groups, Chr was most strongly correlated among derivatives of alkylated 
PAHs (p < 0.01 for all cases). Fourth, in general, correlations of alkylated PAHs to 
other PAHs exhibited more significant relationships compared to their 
corresponding unsubstituted PAHs. Finally, there was a clear trend in correlations 
between LMM and HMM PAHs such as among alkylated-Dbt and alkylated-Chr 
compounds. 
Further cluster analyses were performed to simplify such complex 
correlations, and to discern specific accumulation patterns for the individual 20 
PAHs and alkylated PAHs in clams. Degree of similarity in cluster analysis was used 
to characterize associations among PAHs. Square roots of standardized values of 
PAHs concentrations were used to calculate the BCS. The result indicated two 
specific patterns for 10 PAHs and alkylated PAHs in >85% of BCS indices (Fig. 
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5.6A); specifically, a progressive bioaccumulation of PAHs for Group I and a rapid 
bioaccumulation of six PAHs with peaks and then declined until the end of the 
experiment (a bell-shaped pattern) for Group II (Fig. 5.6B). Of note, other PAHs 
grouped apart from these two groups of typical patterns showed relatively low BCS 
values (Fig. 5.7). Benzo[a]anthracene (BaA) and 3-methylphenanthrene (C1-Phe), 
C2-Phe, and 1,2,6,9-tetramethylphenanthrene (C4-Phe) belonged to the Group I, 
while C1-, C2-, and C3-Dbt, C1-, C2-, and C3-Chr belonged to Group II (Fig. 5.6A). 
Group IPAHs exhibited moderate cross-correlations, while all Group II PAHs 
included the most widely correlated chemicals (Fig. 5.6). Overall, bioaccumulation 
of PAHs by clams could be categorized by cross-correlations, which were according 
to physicochemical properties of PAHs, such as molecular mass, octanol/water 
partition coefficient, and their degradation or metabolic half-lives (Baumard et al., 









Fig. 5.6. Bioaccumulation patterns of PAHs revealed by the OSAs feeding 
experiments. (A) Dendrogram representing hierarchical clustering based on 
Bray−Curtis similarities (BCS) (*(a) PAHs compounds described in Fig. 5.7). 
(B) Concentrations of PAHs for Group I & II (BCS ≥ 85%). Groups were 
classified based on response patterns of BCS scores: Group I represents 
concentrations of PAHs that continually increase over time, Group II 
represents PAHs for which maximum concentrations reached then declined 
with time (**Concentrations of PAHs in soft tissue were standardized by total, 
and square root transformed for normality). Acronyms for corresponding 















Fig. 5.7. PAHs compounds in soft tissue of clams, Mactra veneriformis, by the 
bioaccumulation of OSAs feeding experiments; (A) Dendrogram representing 
hierarchical clustering based on Bray-Curtis similarities (BCS) by group 
means, (B) Group (a*) indicated group of PAHs in BCS <85% including Phe, 
C3-Phe, C1 to C4-Nap, and C1 to C3-Flu (**Concentrations of PAHs in soft 
tissue were standardized by total, and square root transformed for normality). 




5.3.3. Structure of microbial communities 
 
Abundances of bacterial 16S rRNA gene sequences discriminatively revealed 
differences among absolute and relative compositions of microbial communities in 
sediments; dried sandy loam (Source) and in the following treatments such as control 
and OSAs feeding treatments (Control, OSAlow, and OSAhigh) (Fig. 5.8 & 5.9). Seven 
phyla which occurred at all sampling times, included Proteobacteria, Bacteroidetes, 
Actinobacteria, Firmicutes, Planctomycetes, Acidobacteria, and others, which 
encompassed additional unresolved taxa. Each of these phyla constituted >0.01% of 
the entire bacterial community for at least one treatment type at any sample point. 
These phyla represented >95% of the population in samples, except dried sediment. 
In particular, Proteobacteria and Bacteroidetes represented >92% of the microbial 
populations, while in the source sample (dried sediment) represented <69%. 
Results of PCA conducted on the correlation matrix of 10 PAHs, represented 
by Group I and II (those shown in the Figure 3A cluster analysis) and on relative 
abundances of microbial phyla, demonstrated possible interaction(s) between 
selected PAHs and relative abundance of microbial communities. PCA revealed that 
the two principal components collectively accounted for 81.1% of the total variance 
(Fig. 5.8A). The first principal component axis (PC1) exhibited significant, positive 
loadings on PAHs and Bacteroidetes and negative loadings on Proteobacteria. In 
contrast, the second principal component axis (PC2) exhibited significant, positive 
loadings on Pattern I PAHs and negative loadings on Pattern II PAHs. Such 
groupings indicated taxa-specific associations of microbial populations in 
bioaccumulation of PAHs in clams. 
To further clarity such association(s), abundances of 12 classes and 3 
additional (unidentifiable) taxa were examined relative to PAH concentrations in soft 
tissue as functions of treatments, for Day 1 (first sampling), Day 30 (peak PAH), and 
Day 50 (end of experiment) (Fig. 5.8B & 5.8B′). Relative abundances of classes in 
phyla Actinobacteria, Planctomycetes (unresolved taxa), Betaproteobacteria, 
Deltaproteobacteria, and Verrucomicrobiae declined during exposure, even after 1 
day, compared to the source sediment, before the exposure. Overall, there were more 
classes present in experimental tanks than in the initial source sediments. The core 
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microbial community, representing >5% of members, were identified in all three 
temporal sampling times of the experiment, including representatives of 
Bacteroidetes (unresolved taxa) and Proteobacteria (Alphaproteobacteria and 
Gammaproteobacteria) (Fig. 5.8B′). The Shannon-Weaver index of the core 
communities ranged from 2.5 to 3.8, which suggested that the number of species and 
evenness indicated relatively more diverse bacterial communities in each class 
compared with that of other classes in phyla. Gammaproteobacteria was the most 
prevalent class in all samples. It was abundant in the OSA of all feeding tanks and 
the Shannon-Weaver index of Gammaproteobacteria increased over the 
experimental period. 
Two dominant genera (>10%) in initial source sediment were 
Hydrogenophaga and Panacagrimonas, however, the dominant genera in treatments 
with OSA indicated changes during experimental periods (Fig. 5.9A). Communities 
of Proteobacteria bloomed during the beginning of the experiment (at Day 1), 
representing over 85% dominated by anaerobic and halophilic species, then the 
proportion of Proteobacteria sharply declined until Day 14 (Fig. 5.9B). After Day 14, 
there was still a large proportion of Proteobacteria which predominated, with relative 
abundance of ca. 70% to the total. The sum of Proteobacteria and Bacteroidetes were 
maintained collectively at greater than 90% in relative abundance during the 
experiment. 
Comparisons of three phylogenetic representations at Day 1, Day 30, and Day 
50 showed that specific genera of Gammaproteobacteria were remarkably changed 
and more abundant in the OSA treatments compared to Control. The corresponding 
genera included Pseudomonas, Methylophaga, Rheinheimera, Porticoccus, 
Cyclosticus, Methylophaga, and Alcanivorax (Fig. 5.9A). At species level, nine 
Gammaproteobacteria taxa were found to be abundant in the OSA treatments, 
including Porticoccus litoralis, Pseudomonas guineae, Pseudomonas taeanensis, 
Porticoccus hydrocarbonoclasticus, Cycloclasticus spirillensus, Thioprofundum 
lithotrophicum, Alcanivorax borkumensis, Alcanivorax dieselolei, and 
Alkalimarinus sediminis (Fig. 5.9C). In general, Pseudomonas was found to be the 
predominant genus, particularly peaked during early exposure (until Day 7 or 14) 
among treatments. However, its relative abundance gradually decreased over the last 
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period of time. Alternatively, the relative abundance of Porticoccus increased 
consistently, ultimately to become the most prevalent taxa, representing over 20% 
of the total microbial abundances (Fig. 5.9C). Relative abundances of Porticoccus 
and Pseudomonas seemed to indicate a competitive interaction, which might be 
influenced by temporal changes in PAHs concentrations and/or compositions 






Fig. 5.8. (A) Principal component analysis (PCA) ordination between selected PAHs 
representative of Group I or II (asee Fig. 5.6) and relative abundances of microbial 
community, at the phylum level. bAcronyms for PAHs compounds refer to Table 
5.3. (B) Relative abundances (square and circle sizes) of the most prevalent classes 
(y-axis) in sediments (x-axis) at Day 1, 30, and 50 are plotted for sediment source 
and experimental treatments (Control, OSAlow, and OSAhigh). Shannon-Weaver 
diversity index is related to red-scale color intensity of symbols (i.e., redder is 






Fig. 5.9. (A) Taxonomic profiles of microbial communities, based on genera (n = 489) relative 
to sediment source and experimental treatments over time. A phylogenetic 
representation of the taxonomic composition in experimental treatments (at Day 1, 30, 
and 50), including Control (inner ring), OSAlow (middle ring), and OSAhigh (outer ring). 
The average relative abundance of each genus is plotted within the concentric rings, 
represented by the shaded cells, with higher relative abundance indicated by darker 
shades. The phylum to which each taxa belongs is indicated by the phylogenetic tree. 
Abundant taxa in Proteobacteria are labeled by the red outline. (B) Relative abundances 
of two dominant phyla, Proteobacteria (orange) and Bacteroidetes (blue), with total 
concentrations of Group II PAHs of OSAhigh treatments (black line) (*refer to Fig 5.6.) 
(C) The most abundant nine species belonging to class Gammaproteobacteria. Blue 
lines and dots denote Control treatments, green lines and dots denote OSAlow treatments, 






Relative compositions of PAHs in OSAs were a function of the process used 
to prepare OSAs. Naphthalene (Nap), 1-methylnaphthalene (C1-Nap), 2-
methylnaphthalene (C2-Nap), 1,4,5-trimethylnaphthalene (C3-Nap), 1,2,5,6-
tetramethylnaphthalene (C4-Nap), fluorene (Flu), 9-methylfluorene (C1-Flu), 1,7-
dimethylfluorene (C2-Flu), 9-n-propylfluorene (C3-Flu), Phe, C1 to C4-Phe in the 
OSAs of this study, had relative compositions of PAHs as did weathered oil in situ 
sediments, while relative proportions of other PAHs, including Dbt, C1 to C3-Dbt, 
Chr, and C1 to C3-Chr resembled that of IHC, supporting lesser weathering at the 
beginning stage of oil exposure in the environment (Hong et al., 2015, refer to Fig. 
5.10). Characteristics that typically occur after weathering of HMM PAHs were not 
observed during preparation of OSAs. Shaking was performed to form OSAs, thus, 
the weathering of Nap, Flu, Phe, and their alky derivatives proceeded as the input of 
energy and microbial activities were experienced during formation of OSAs. 
Results of several previous studies indicated that some marine mollusks 
possess detoxification enzymes, especially with cytochrome P450 catalyzed 
enzymatic reactions such as by benzo[a]pyrene-hydroxylase, ethoxycoumarin O-
deethylase, and N,N-dimethylaniline N-demethylase, which can biotransform PAHs 
(Rewitz et al., 2006; Bebianno et al., 2007; Zanette et al., 2010). Nevertheless, due 
to high hydrophobicity in stable lipid-rich tissues, bivalves usually have been 
reported to be a media as retaining xenobiotic contaminants (Baussant et al., 2001). 
In general, the major route of exposure for LMM PAHs is via water, while 
GMM PAHs generally accumulate via an intake of particulate materials from 
sediments (Meador et al., 1995; Lee et al., 2014). In this study, LMM PAHs were 
more abundant than HMM PAHs in OSAs. The concentration of Nap fluctuated 
among LMM PAHs, of which accumulation was seemingly controlled by osmotic 
uptake, such that slight variations in rates of filtration and elimination by M. 
veneriformis resulted in differences in rates of accumulation. This is because 
relatively greater hydrophilicity (i.e., the log octanol−water partition coefficient, log 
Kow) of Nap was less (3.3) than those of other targeted PAHs (Table 5.3). Among 
alkylated PAHs during 30 days, bioaccumulation was proportional to log Kow of 
 
 146
PAHs, such that PAHs with greater log Kow were more accumulated by clams (Fig. 
5.11). The TPAH in Group I gradually increased until the end of the 50 day 
experiment without any inflections, with C2-Phe accounting for >75% of the total 
concentration of PAHs. In spite of the regular and lasting intake of OSAs, the TPAH 
in Group II included not only LMM PAHs (C1- to C3-Dbt) but also HMM PAHs 
such as alkylated chrysene (C1- to C3-Chr) reported to exhibit greater log Kow (refer 
to Table 5.3). Therefore, PAHs of Group II did not follow predictions based on log 
Kow, although substituted, chrysene compounds have been reported to exhibit greater 
log Kow (Chr = 5.81, C1-Chr = 6.42, C2-Chr = 6.88, and C3-Chr = 7.44). 
Theoretically, by exposing a much greater surface area of oil to microbial 
communities, the formation of OSAs would increase rates of degradation of oil by 
associated microbes, however, studies of this process are scarce (Arnosti et al., 2016). 
Bioremediation of spilled oil by PAHs-degrading microbial communities could 
mitigate bioaccumulation of PAHs by benthic organisms. In our OSA-contaminated 
environment, Proteobacteria (especially Gammaproteobacteria) responded rapidly to 
greater concentrations of PAHs by increasing both abundance and diversity. This 
means that they have potential to degrade PAHs that tend to accumulate on surfaces 
of OSAs. One of the major insights provided by the results of the present study was 
that changes in microbial community composition over a 50 day period was observed 
in the various OSA treatments. As a result, bioaccumulation of PAHs by clams was 
influenced by several factors, including chemical properties and exogenous 
degradation such as chemical weathering and/or microbial degradation. 
Several studies, in marine environments, have described species of 
Gammaproteobacteria as key transformers of PAHs and that they respond 
immediately to crude oil spills, even within a day or so (Redmond & Valentine, 2012; 
Beazley et al., 2012; Rivers et al., 2013; Kappell et al., 2014; Lamendella et al., 
2014). Results of this study generally confirmed this quick microbial response to 
OSAs. For instance, a rapid recolonization by microbial communities with some 
selected species was observed, particularly in the presence of OSAhigh. The 
associated microbial taxa responding most rapidly to oil-soaked organic-rich 
suspended particles included mainly the class Gammaproteobacteria Pseudomonas, 
Porticoccus, Cycloclasticus, Methylophaga, and Alcanivorax spp. Such rapid 
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changes in composition in response to OSAs by microbial communities persisted for 
almost 2 months (50 days in our study). This result suggests that 
Gammaproteobacteria could be used to control bioaccumulation of PAHs in marine 
environments. 
Similarly, increases in abundances of species of Cycloslasticus and 
Alcanivorax have also been reported in environments contaminated by petroleum 
hydrocarbons (Dyksterhouse et al., 1995; Geiselbrecht et al., 1998; Kasai et al., 2002; 
McKew et al., 2007; Cui et al., 2008; Wang et al., 2008; Genovese et al., 2014). 
Pseudomonas has been reported to degrade Nap, Ant, Phe, and Flu in various types 
of terrestrial soils (Tagger et al., 1990; Ashok et al., 1995; Whyte et al., 1997; 
Aislabie et al., 2000; Andreoni et al., 2004) and is thought to be involved in 
cometabolization of Flu (Trzesicka-Mlynarz & Ward, 1995). Although 
Thioprofundum was considered to be mesophilic, anaerobic, and sulfur-oxidizing 
bacterial community occurred in hydrothermal areas (Mori et al., 2011), the decrease 
of concentrations of Dbt and alkylated Dbt in clams also could be explained by the 
increase of Thioprofundum, which could have accelerated desulfurization of sulfur 
heterocycles. P. litoralis and P. hydrocarbonoclasticus have been reported to be 
specialized hydrocarbon-degrading bacteria living in association with marine 
phytoplankton (Gutierrez et al., 2012). In this study, by Day 50, at the end of 
experiment, P. litoralis composed about 21% of the entire bacterial composition in 
the OSAhigh treatment, which was almost 42-fold greater in relative abundance than 
in the Control treatment (0.6%). A. sediminis has been only recently isolated from 
marine sediment (Zhao et al., 2015), hence studies of biodegradation by that species 
are limited. However, A. sediminis was considered one of the hydrocarbon degraders 
because relatively great abundance was evidenced in the OSA treatments compared 
to that in the Control. Overall, bioaccumulation of PAHs into soft tissues of M. 
veneriformis was related to temporal changes of hydrocarbon-degrading bacterial 
compositions and abundances. Such an association between bioaccumulation and 
microbial degradation should be taken into account when handling and utilizing the 
OSAs in remediating oil spills. Of course, there might be differences in the microbial 
communities that decompose OSA depending on the type and characteristics of 
crude oil. In particular, what mechanisms are involved in degradation of PAHs by 
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microbes is the limit of this study and further studies are needed. 
The primary goal of the present study was to address the role of microbial 
degradation associated with bioaccumulations of PAHs by benthic organisms. The 
results presented here indicate the importance of Porticoccus spp., which can use 
PAHs as a source of carbon. Some of the results presented here provide insight into 
how OSAs are related to bioaccumulation by bivalves and biodegradation by 
microbes. Based on the results of this study, we can consider ways to promote the 
formation and degradation of OSA by injecting fine sediment particles and oil-
degrading bacterial agents in offshore oil spill accidents. To our knowledge, no other 
study has focused on bioaccumulation of OSAs in association with microbial 
communities. Thus, the present study appears to be the first step, in developing 











Fig. 5.10. Relative compositions of PAHs and alkylated PAHs in crude oil (Iranian 
Heavy Crude, IHC), sediments contaminated by Hebei Spirit oil spill, and 
OSA made of IHC. (A) These results were referenced from a previous study 
(Hong et al. 2015) and (B) concentration of OSA quantified in this study 
(*Comparisons of Bray-Curtis similarities (BCS) in relative compositions of 
PAHs and their alkyl derivatives showed that the most resembled period in 










Fig. 5.11. Relationship between Log Kow and concentration of PAHs in soft tissue 
of clams, Mactra veneriformis. (A) Concentration of PAHs compounds in 
OSAhigh treatments at Days 1, 7, 14, 30, and 50. (B) The result of OSAhigh 
treatment at Day 30 as peak concentration of PAHs in soft tissue (*The 
concentrations were standardized by total, and square root transformed for 

















In the present study, ecological responses to anthropogenic influences which 
focused on marine organisms, were evaluated in different spatiotemporal settings in 
case of the Yellow Sea where various human impacts such as pollution, coastal 
development, and reclamation have been concentrated over the last decades. 
Microphytobenthic production has been assessed for the benthic primary 
productivity and revisited benthic-pelagic coupling in the Yellow Sea large marine 
ecosystem. In the regional scales, food web dynamics were evaluated in a closed 
estuary where freshwater free-flow was interrupted for long periods due to the 
construction of estuaries. Additionally, the structure of fish assemblages in natural 
and artificial reefs, which is widely installed along the coast, was evaluated. The oil 
spill accident which is a relatively local scale event but very hazards on marine 
ecosystem was assessed for bioaccumulation and biodegradation of OSAs. Major 
findings of the present study are highlighted below: 
 
Chapter 2. Ecological role and significance of benthic-pelagic coupling: Case 
study in the Yellow Sea 
• A global meta-data indicated that the North America and the western Europe 
showed averagely enriched MPB biomass, whereas he East Asia of tidal flat 
was characteristic with the elevated MPB productivity.  
• Microphytobenthic biomass showed a significant association to pelagic 
chlorophyll a concentration observed in GOCI. 
• The benthic-pelagic coupling was identified significantly up to ~10 km offshore 
in the Yellow Sea. 
• Productive zone of benthic-pelagic coupling boundary is primarily attributable 
to its macrotidal regime, as evidenced by increasing pelagic to benthic ratio 





Chapter 3. Influences of estuarine dike on marine food web dynamics 
• The stable isotopic signatures of samples indicated dissimilarity in distribution 
of organic matters between inside and outside of dike, supporting geographical 
and/or trophic isolation. 
• Seasonal feeding chances in compositions of major food sources 
(microphytobenthos and particulate organic matters) were observed for two 
target bivalves. 
• The temporal variations were further linked to selective feedings that evidenced 
by age(size)-dependent and/or tissue specific assimilations. 
• The present study suggested seasonality, diet preference, and growth-dependent 
food web dynamics in an estuary characterizing the long-term anthropogenic 
influences of a sea dike. 
 
Chapter 4. Influences of artificial reef installation of fish assemblages 
∙ More individuals and species of fish were present in artificial reefs compared to 
control sites. 
∙ Water temperature over the seasons was the most important environmental 
factor associated with the trophic group composition of fish. 
∙ Macrocarnivores and benthic invertivores/cleaners closely reflected habitat 
conditions in a consistent manner, and indicator species were found under 
certain environmental conditions in artificial reefs. 
∙ While, community shifting or low effectiveness for fish recruitment were 





Chapter 5. Influences of OSA formation in marine environment:  
PAHs bioaccumulation and biodegradation 
• Total concentration of PAHs increased more rapidly during the first week of 
exposure, peaked at day 30, then gradually declined to the end of experiment. 
• Bioaccumulation pattern of PAHs in clams, were identified two major groups, 
indicating one group of a fairly constant rate of accumulation, while another 
group of decreasing rate following a bell-shaped. 
• Bioaccumulation of PAHs by clams was dependent on changes in abundance of 
Gammaproteobacteria, in particular, six key species were remarkable. 
• The present study firstly demonstrated the interactions of OSAs and 







This dissertation has conducted four case studies on how human activities 
affect marine life for the overarching research question, “How do anthropogenic 
activities affect to marine organisms?”. Overall, this study confirmed that human 
activity affects and changes the structure or function of marine life, and also marine 
ecosystem showed resilience in the Yellow Sea (Fig. 6.1). The chapters in this study 
are significant in identifying the responses of marine organisms from bacteria to fish 
at multiple levels of organization to diverse anthropogenic activities (Table 6.1). In 
particular, the main contents of the chapters are highlighted in that they complement 
the limitations of the structure and functions of marine organisms that were not 
addressed in previous studies. 
Benthic-pelagic coupling study addressed not only the distribution of 
microphyto- plankton and benthos biomass (Chl-a) in the very large marine 
ecosystem scale, but also the benthic production was emphasized. Despite the effects 
of human activity accumulated on the Yellow Sea coasts for at present, MPB as a 
major primary producers living in intertidal coasts has been highly productive and 
could be actively transferred to the open sea.  
In addition, food web study covered various marine biota in estuarine areas, 
which showed that MPB was used as one of the most important food sources in the 
environment where the input of terrestrial organic matter was limited due to the 
construction of the sea dike. Thus, destruction of coastal habitats due to development 
and/or reclamation will lead to a decline in MPB production, which in turn will lead 
to reduced productivity of upper levels. 
Although the study of artificial reefs has been addressed for fish communities 
only, it shows that human efforts to restore marine habitat and increase productivity 
have had an overall positive effect, but side effects have also been identified. This 
suggests that it is very difficult to restore ecosystems by artificial efforts, but may 
have side effects.  
The OSA study has shown that microbial activity that breaks down OSA 
(PAHs degradation) has a beneficial effect on PAHs bioaccumulation by benthic 
organisms. The results of bioaccumulation and biodegradation of the oil-producing 
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material OSA show the very active self-purificaiton capacity of marine ecosystems. 
Although the impact of human activity can continue to accumulate in the oceans, it 
will be sustainable to the extent that the ecosystem can solve itself. 
Altogether, this study was able to fill some of the gaps in previous studies 
under the theme of human activity and marine organisms. In particular, it was 
confirmed that benthic production, which has been relatively unnoticed before, may 
be very important for the production of upper trophics. However, the anthropogenic 
impacts beyond the loads that the ecosystem can accept will eventually return to 
humans with serious feedback. Therefore, more research afforts for smart 




6.3. Implication and future direction 
 
From the present study, implications of case studies were suggested focused 
on marine organisms as presented in Table 6.2. And limitations and study highlights 
also indicated in Fig. 6.2 to 6.5. in aspects on biota, spatio, and temporal scales. 
Of note, the study on bioaccumulation and bioremediation of OSA was firstly 
featured in a process including from contamination to clean-up, in particular, the 
bioaccumulation of PAHs in marine bivalves was stabilized in a few months (at least 
30 d) by PAHs-degrading bacteria. Such processes could be appealed to the 
technique for handling and utilizing the OSAs in remediation oil spills. On the food 
web dynamics study in the closed estuary, Geum River, the utilization of terrestrial 
POM to marine benthic organisms was limited, and MPB was the most important 
food source to marine bivalves in the manner. Possibly, in the natural lotic systems 
without disturbance by the sea-dike, benthic organisms could use potential food 
sources in the wider ranges. The study on artificial reefs in the Jeju coasts, fish 
assemblages were more introduced in artificial reef habitats compared to control sites, 
and certain species showed their preferences depending on the conditions of the 
artificial reefs. Although there was the positive effect of the artificial reefs for the 
recruitment of fish individuals, potential impacts on the installation of artificial reefs 
were found such as community shifting of dominant fishes and low effectiveness on 
artificial reef introduction as well. Finally, in the scale of the Yellow Sea large 
marine ecosystem, the present study could provide the revisited zone for benthic-
pelagic coupling as ~10 km offshore in the macrotidal regime, it is of great 




Based on the current understandings and limitations in the present study, some 
future research directions were presented below: 
 
• Shotgun genomic analysis for PAHs degrading microbes 
• Potential hazard on input of terrestrial toxicants into the estuarine food web 
• Disturbance of artificial reef installation to the lower trophic organisms 
• Quantification of the proportion of benthic diatom in pelagic water 
• Evaluation of loss on marine ecosystem services by anthropogenic activities 
 
On the OSA study, the contribution of microbial communities was suggested, 
however the specific process on the bioremediation is still not clear. The shotgun 
genomic analysis can be the one of solutions to solve such a question, and the method 
is sufficient to determine the species/strain of the organism where the DNA comes 
from, provided its genome is already known, by using taxonomic classifier software. 
Thus, studies of detailed processes in biodegradation of oil-derived chemicals, can 
provide more accurate knowledge of the microbial communities available at the site 
of the oil spill accident. 
The inside of the estuary dike (freshwater environment) is prone to 
eutrophication due to the interruption of river flow and the accumulation of terrestrial 
organic matters. In such an environment, large algal blooming is apt to occur, and 
red tide in the freshwater environment is a prominent problem because it can produce 
a high concentration of toxic substances such as microcystin. One way to solve this 
problem is to control the flow of algal bloomed water into the sea, that is, by 
controlling it through discharge. Given the potential impact on humans, further 
studies on the potential risk that potential toxicants were introduced into the estuarine 
food web, are needed. 
Even as a part of marine habitat restoration, artificial reefs introduced into the 
natural environment can be disturbing native communities, and in fact our research 
has shown that. Unlike the mobile fishes, lower trophic communities, such as sessile 
invertebrates and/or meiofauna could be responded more critical to the installation 
of artificial reefs. Moreover, the organisms are important food sources for the upper 
trophic levels, thus, the study on these lower trophic organisms would be a necessary 
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part for sustainable management of fish communities eventually. 
 Benthic-pelagic coupling boundary was suggested in the present study, 
however, an accurate proportion of benthic diatoms in the pelagic water column in 
the coastal area is still unclear. Ubertini et al. (2012) reported that pennate 
microalgae relatively existed in water column than centric shape, which implying 
composition of certain microphytobenthos could be a key factor to explain the 
transportation of benthic productivity to open ocean side. The study on the 
microphytobenthos contributing to benthic-pelagic coupling has to be a part of field 
surveys in large-scale ecosystems, which will be labor-intensive and costly. 
Nevertheless, it is one of the essential parts to understand more detailed benthic-
pelagic productivity and is seen as the important task to be solved in future research. 
 The value that marine ecosystems provide to humans is limited, and the 
impact of anthropogenic activities is a limiting factor to determine the quantity and 
quality of marine ecosystem. The global marine ecosystem, as well as the Yellow 
Sea, is constantly under development pressure, so valuing of marine ecosystem 
services and marine spatial planning must be strategic for the sustainability of marine 
ecosystem services. However, Korea's understanding of marine ecosystem services 
and marine spatial planning is very immature at the moment. Yim et al. (2018) 
reported that the coastal area of the Yellow Sea reduced by ~36% from 1981 to 
present, say 1% annual loss. That is, the benefits from the marine ecosystem of the 
Yellow Sea have been lost forever due to reckless development pressure and 
reclamation. Therefore, future studies should be supported by specific data that can 
be used in marine policies (e.g., the estimation of the actual price of marine 
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ABSTRACT (IN KOREAN) 
 
제목: 황해 해양환경 내 다양한 인간활동이  
해양생물에게 미치는 영향에 관한 연구 
 
해양 생태계는 인위적 활동에 의해 여러 스트레스 요인에 의해 
지속적으로 영향을 받으며, 그 영향은 다양한 해양 생물들의 생태학적 
반응을 통해 평가 될 수 있다. 본 연구에서는 황해에서의 4건의 사례 
연구를 통해 인간활동의 영향에 대한 해양생태계의 생태학적 반응을 
해양생물을 중심으로 다양한 시공간적 규모에서 평가했다. 본 
논문에서는 1) 황해연안의 저서 일차생산 평가 및 저서-대양의 생산성 
연결, 2) 하구둑에 의해 담수유통이 인위적으로 저절되는 닫힌 하구 
환경에서의 먹이망, 3) 연안환경에 시설되어 있는 인공어초에 서식하는 
어류군집구조, 그리고 4) 유류오염된 해양환경 내 서식 생물의 생물축적 
및 생분해에 관한 연구를 진행하였다. 
황해 연안의 저서생산성에 관한 연구를 통해 황해 연안의 
평균적인 저서미세조류의 생체량과 일차생산성에 대한 결과를 얻을 수 
있었다. 뿐만 아니라, 저서-대양의 생산성 연결에 대해 재조명 하였다. 
연구결과, 저서의 생산성이 재부유 등의 과정에 의해 대양으로 영향을 
미칠 수 있는 영역, 즉 연안의 최대 범위는 약 10km까지 공간적으로 
연결되어 있음을 확인하였으며, 지역에 따른 조석 에너지(조석 높이)의 
세기는 이러한 생산성을 전송할 수 있는 중요한 환경요인 이었다. 
따라서, 저서의 생산성은 대양의 생산성과 밀접하게 연관되어 있으며, 
무분별한 연안 개발은 생태계 전반의 생산성 손실을 초래할 수 있을 
것이다. 닫힌하구의 먹이망 연구에서는 하구에 서식하는 저서생물들의 
담수 기원의 유기성 입자물질들의 이용이 제한적임을 알 수 있었다. 
특히 저서미세조류는 해양성 조개류의 성장과 계절적 변화에 따라 가장 
중요한 먹이원으로 이용되고 있었다. 연안환경 내 시설된 인공어초에 
서식하는 어류군집은 상대적으로 대조구 어장에 비해 많은 개체수가 
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서식하고 있었으며, 인공어초 환경의 특성(수온, 인공어초 재질, 서식지 
퇴적물 성상)에 따라 특정 어류 군집들의 서식지 선호도가 있음을 
확인하였다. 반면, 특정 인공어초 환경에서는 기존 서식하는 군집 구조를 
변화시키거나 인공어초의 시설이 어류 위집효과가 크지 않는 등의 
부작용 또한 확인 할 수 있었다. 유류기원 물질 OSAs (oil-suspended 
particulate matter aggregates)에 노출된 생물 및 환경 내 PAHs 
농도변화연구를 통해, 장기 노출된 해양 이매패류의 연조직 내에서 
PAHs (다환방향족탄화수소)의 생물축적이 30일 동안 두드러지게 
관찰되었다. 이후 생물 내 PAHs 농도는 실험종료시까지(50일차) 1/2 
수준이하로 회복되었다. 흥미롭게도, 50일의 노출실험 동안 유류분해성 
박테리아의 군집의 꾸준한 증가가 관찰되어 OSA 형성이후 미생물 
분해에 따른 유류오염환경 및 생물이 빠르게 회복될 수 있음을 확인할 
수 있었다. 
본 연구는 다양한 시공간적인 규모에서의 사례 연구를 통해 
황해 해양 해양환경이 인간 활동의 영향에 대한 생태학적인 반응에 대해 
제시하였다. 네 가지 사례연구를 통해 오염, 개발, 그리고 때로는 서식지 
복원을 위한 시도(인공어초)가 해양 생물의 구조와 기능의 변화를 
야기할 수 있음을 확인하였다. 지난 반세기동안 인간활동의 영향이 
꾸준히 누적되어온 황해저서생태계이지만 저서미세조류에 의한 
일차생산은 매우 높다는 것을 확인하였으며, 육상으로부터의 담수유입이 
제한적인 환경에서 하구역에 서식하는 저서생물들은 저서미세조류를 
먹이원으로 활발히 이용하고 있음을 확인하였다. 반면, 해양생태계 
복원의 일환으로 시설되는 인공어초의 어류군집을 위한 긍정적인 효과를 
확인하였지만, 잠재적인 위험성도 있음을 확인하였다. 마지막으로, 
유류기원물질 OSA 형성이 해양이매패류 내 PAHs 생물축적을 
야기하지만, 동시에 미생물에 의한 분해 또한 활발히 이루어짐을 확인할 
수 있었다.  
종합적으로 본 연구를 통해, 인간활동 영향에 의해 해양생태계의 
건강성이 저해될 수 있지만, 여전히 황해생태계는 생산적인 환경이며 
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현재의 상황에 적응 혹은 대응하면서 작동하고 있음을 확인 하였다. 
그러나 지속적인 해양 건강성의 약화는 해양 생태계 전반의 생산성 
감소를 가져올 수 있을 것이다. 따라서 연안생태계의 더 나은 미래을 
위해 지속 가능한 관리에 대한 과학적인 관심과 꾸준한 노력이 필요하다. 
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